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Resumo	  	  
A	   doença	  periodontal	   induz	  uma	   inflamação	  que	  pode	   levar	   à	   destruição	  
dos	  tecidos	  de	  suporte	  do	  dente.	  A	  degradação	  provocada	  pela	  doença	  pode	  ser	  
tratada	   com	   o	   recurso	   a	   suportes	   sintéticos	   que	   permitam	   a	   regeneração	  
progressiva	   dos	   tecidos.	   As	   nanofibras	   de	   ácido	   polilactico	   co-­‐glicolico	   (PLGA),	  
mineralizadas,	  produzidas	  por	  electrofiação	  ou	  pela	  técnica	  de	  pulverização	  por	  
jacto,	   são	   biomateriais	   adequados	   para	   funcionarem	   como	   suporte	   físico	  
temporário	   e	   assegurarem	   a	   biocompatibilidade	   necessária	   à	   regeneração	   de	  
tecidos.	  O	  presente	   trabalho	   tem	   como	  objetivo	   o	   estudo	  da	  mineralização	  de	  
nano-­‐fibras	   de	   PLGA	   para	   optimizar	   a	   regeneração	   de	   tecidos	   duros.	   São	  
propostos	   dois	   métodos	   de	   mineralização:	   o	   método	   baseado	   no	   fluido	  
fisiológico	  simulado	  (SBF)	  e	  o	  método	  baseado	  na	  pulverização	  por	   jacto	  (JS).	  A	  
técnica	   de	   SBF	   consiste	   em	   mergulhar	   matrizes	   de	   PLGA,	   produzidas	   por	  
electrofiação,	   numa	   solução	   concentrada	   de	   sais	   ao	   passo	   que	   a	   técnica	   de	   JS	  
consiste	   em	   pulverizar	   uma	   suspensão	   preparada	   com	   nanopartículas	   de	  
hidroxiapatite	  (Ca5(PO4)3(OH),	  HA)	  e	  uma	  solução	  polimérica.	  
Os	   materiais	   produzidos	   foram	   caracterizados	   por	   difração	   de	   Raios-­‐	   X	  
(DRX)	   e	   por	   microscopia	   electrónica	   de	   varrimento	   (MEV).	   Para	   as	   amostras	  
processadas	  pela	  técnica	  de	  SBF	  os	  resultados	  de	  DRX	  evidenciaram	  a	  presença	  
de	   fosfatos	   de	   cálcio	   de	   baixa	   cristalinidade,	   correspondentes	   à	   fase	   de	  
hidroxiapatite.	   As	   imagens	   de	   MEV	   permitiram	   observar	   a	   formação	   de	  
estruturas	  minerais	  fortemente	  dependentes	  do	  tempo	  de	  imersão.	  Nas	  matrizes	  
de	  PLGA	  tratadas	  por	  JS,	  a	  DRX	  confirmou	  a	  presença	  de	  HA	  e	  a	  MEV	  revelou	  que	  
a	  morfologia	  das	  amostras	  depende	  da	  concentração	  das	  nanopartículas	  de	  HA	  
adicionadas	   à	   solução	   polimérica	   inicial.	   O	   método	   de	   SBF	   permitiu	   uma	  
deposição	  superficial	  de	  fosfatos	  de	  cálcio	  ao	  passo	  que,	  pelo	  método	  de	  JS,	  foi	  
possível	   incorporar	   nanopartículas	   de	   HA	   no	   seio	   da	   matriz	   polimérica.	   A	  
combinação	   dos	   dois	   métodos	   parece	   pois	   ser	   uma	   técnica	   promissora	   para	  
fabricar	  suportes	  mineralizados	  para	  regeneração	  de	  tecido	  periodontal.	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Abstract	  
Periodontal	   diseases	   induce	   a	   loss	   of	   soft	   and	   hard	   tissues	  
surrounding	  the	  teeth	  after	  inflammation.	  Defects	  created	  by	  the	  infection	  
would	   be	   replaced	   by	   the	   synthetic	   scaffold	   allowing	   progressive	   tissue	  
regeneration.	   Mineralized	   PLGA	   (poly(lactic-­‐co-­‐glycolic	   acid))	   nanofibers	  
developed	   by	   electrospinning	   or	   jet	   spraying	   techniques	   are	   efficient	  
biomaterials	   to	  maintain	   temporarily	  a	  physical	   structure	  and	   to	  enhance	  
biocompatibility	  for	  hard	  tissue	  regeneration.	  The	  aim	  of	  this	  work	  was	  to	  
mineralize	   PLGA	   nanofibers	   by	   two	   different	   methods:	   Simulated	   Body	  
Fluid	   (SBF)	   immersion	   and	   projection	   by	   jet	   spraying	   (JS).	   SBF	   method	  
consists	   in	   soaking	   PLGA	   matrices	   into	   high	   ions	   concentrated	   solutions	  
(SBFx1	  or	  SBFx5)	  to	  deposit	  mineral	  layers.	  With	  the	  new	  JS	  technique,	  we	  
target	   a	   formation	   of	   a	   nanocomposite	   of	   PLGA	   and	   hydroxyapatite	  
nanoparticles	   (nHA):	   first	  with	   the	  help	  of	   a	  blend	   solution	   (PLGA	  +	  nHA)	  
directly	  projected	  (JS)	  and	  then	  with	  a	  simultaneous	  co	  projection	  of	  PLGA	  
solution	  and	  nHA	  suspension	  in	  water	  (Co-­‐JS).	  
From	   material	   characterization	   perspective,	   samples	   produced	   by	  
SBFx1	   protocol	   showed	   a	   very	   weak	   mineral	   deposition,	   low	   crystalline	  
sodium	   chloride	   whereas	   SBFx5	   solutions	   allowed	   the	   formation	   of	   a	  
consequent	  CaP	  mineral	   layer	  on	  electrospun	  PLGA	  matrices.	  SEM	  images	  
allowed	  the	  observation	  of	  different	  mineral	  structures	  strongly	  depending	  
on	   SBF	   concentration	   and	   immersion	   time.	   XRD	   patterns	   confirmed	   the	  
presence	  of	  HA	  into	  JS	  PLGA	  matrices.	  Morphologically,	  JS	  scaffolds	  varied	  
with	   the	   concentration	   of	   HA	   nanoparticles	   incorporated	   into	   the	   initial	  
mixture.	   HA	   nanoparticles	   were	   successfully	   incorporated	   inside	   the	  
polymer	  fibers	  with	  the	  first	  Jet	  spraying	  technique	  (JS)	  whereas	  nHAs	  were	  
successfully	  deposited	  on	  the	  surface	  of	  the	  PLGA	  fibers	  with	  Co	  JS	  method.	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I	  -­‐	  Introduction	  
Tissue	  engineering	  science	  is	  currently	  developing	  a	  new	  generation	  of	  implants	  that	  
could	   facilitate	   and	   target	   a	   complete	   reconstruction	   of	   damaged	   tissues.	   Tooth	   hard	  
tissues,	   named	   as	   periodontal	   tissues,	   could	   be	   seriously	   damaged	   by	   chronic	   diseases	  
such	   as	   periodontitis	   (1).	   Current	   healing	   techniques	   do	   not	   allow	   the	   complete	  
regeneration	  of	  these	  hard	  tissues	  which	  support	  the	  teeth.	  Clinical	  surgeries	  only	  permit	  
the	  microbiological	  cleaning	  of	  contaminated	  tissues,	  forming	  voids,	  periodontal	  pockets,	  
between	   the	   tooth	   and	   the	   alveolar	   bone.	  A	   new	  approach	  of	   engineered	  biomaterials	  
might	  provide	  a	  solution	  for	  a	  complete	  regeneration	  ad	   integrum	  of	  the	  periodontium.	  
Polymers	  nanofibers	  were	  developed	  to	  construct	  a	  scaffold	  biocompatible	  with	  the	  host	  
environment	   and	   trigger	   an	   invasion	  and	   settling	  of	  new	  cells	   (2).	   Cell	   colonisation	  and	  
proliferation	  will	  ensure	  a	  viable	  reproduction	  of	  the	  External	  Cellular	  Matrix	  (ECM).	  The	  
synthetic	  structure	  works	  as	  a	  temporary	  support	  (artificial	  ECM)	  allowing	  the	  progressive	  
reconstruction	  of	  periodontal	  tissues.	  
	   Polymer	  nanoporous	  scaffolds	  such	  as	  PLGA	  nanofibers	  are	  now	  deigned	  for	  tissue	  
regeneration	   applications	   (3).	   PLGA	   has	   few	   particular	   features	   (biocompatibility,	  
degradation	   times	   in	   accordance	   with	   the	   formation	   delay	   of	   hard	   tissues,	   etc…)	   that	  
make	   the	   polymer	   a	   good	   biomaterial	   for	   regeneration	   scaffold.	   Recent	   progresses	   in	  
nanofibers	  synthesis,	  mainly	  through	  electrospinning	  and	  jet	  spraying	  techniques,	  lead	  to	  
an	  increase	  of	  interest	  for	  tissue	  engineering	  nanostructured	  scaffolds.	  
However,	  biocompatibility	  abilities	  of	  PLGA	  nanofibers	   still	   have	   to	  be	  enhanced	  
for	  a	  complete	  integration	  of	  the	  implant.	  In	  this	  study,	  we	  investigated	  three	  approaches	  
to	   mineralize	   PLGA	   nanofibers,	   with	   simulated	   body	   fluids	   mineralization,	   and	  
nanocomposite	  processing	  through	  jet	  spraying	  and	  co	  jet	  spraying.	  The	  incorporation	  of	  
calcium	   phosphate	   (CaP)	   minerals	   inside	   the	   PLGA	   matrices	   may	   initiate	   the	   in	   vivo	  
mineralization	  process	  and	  improve	  the	  global	  biocompatibility	  of	  the	  synthetic	  network.	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II	  -­‐	  Periodontal	  diseases	  
	  
Periodontitis	   is	   a	   chronic	   disease	   that	   induces	   the	   progressive	   destruction	   of	   the	  
periodontium,	  which	  forms	  the	  tissues	  surrounding	  and	  supporting	  the	  teeth,	  i.e.	  gingiva	  
(gum),	  alveolar	  bone,	  periodontal	  ligament	  (PDL)	  and	  root	  cementum	  (see	  figure	  1).	  The	  
development	  of	  the	  inflammation	  if	  untreated	  can	  deteriorate	  alveolar	  bone	  and	  lead	  to	  
loosening	  and	  subsequent	  loss	  of	  the	  teeth.	  
The	   disease	   is	   caused	   by	   the	   accumulation	   of	  microorganisms	   (harmful	   bacteria	  
and	   protozoa)	   that	   proliferate	   at	   surface	   of	   the	   teeth	   and	   provoke	   an	   over-­‐aggressive	  
immune	  response.	  The	  four	  periodontal	  tissues	  are	  progressively	  damaged	  if	  the	  disease	  
is	  not	  treated.	  Periodontitis	  could	  also	  have	  major	  influences	  on	  others	  vascular	  diseases	  
such	   as	   diabetes.	   The	   dentist	   makes	   the	   diagnosis	   by	   detecting	   the	   presence	   of	  
periodontal	   pockets	   (spaces	   created	  between	   the	   gums	   and	   the	   teeth)	   and	  with	  X-­‐rays	  
analysis	  to	  evaluate	  bone	  loss	  (see	  figure	  1).	  
	  
	  
	  
Figure	  1	  –	  Periodontitis	  disease	  (4)	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Nowadays,	  dentists	  remove	  and	  clean	  the	  damaged	  tissues	  to	  heal	  the	  patient.	  But	  
no	  treatments	  are	  currently	  available	  to	  regenerate	  ad	  integrum	  the	  lost	  tissues.	  
Periodontal	  regeneration,	  defined	  as	  the	  reproduction	  or	  reconstruction	  of	  lost	  or	  injured	  
tissue	  so	  that	  the	  lost	  form	  and	  function	  are	  restored,	  has	  not	  been	  successful	  in	  humans	  
so	  far.	  
The	  poor	  ability	  to	  the	  damaged	  tissues	  to	  repair	  themselves	  demonstrates	  the	  
need	  to	  develop	  new	  efficient	  regenerative	  strategies.	  Tissue	  engineering	  proposes	  a	  
promising	  alternative	  in	  this	  perspective.	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Several	  regenerative	  techniques	  were	  developed	  in	  order	  to	  improve	  and	  facilitate	  
the	   restoration	   of	   the	   lost	   tissues.	   In	   the	   1980s,	   a	   process	   called	   Guided	   Tissue	  
Regeneration	  (GTR)	  was	  created	  for	  guiding	  bone,	  cementum	  and	  PDL	  regeneration.	  The	  
system	  is	  composed	  by	  a	  membrane	  of	  variable	  porosity	  that	  prevents	  the	  growth	  of	  the	  
epithelium	   and	   the	   fibroblast	   recruitment	   into	   the	   pocket	   formed	   by	   the	   periodontitis.	  
The	  barrier	   is	  positioned	  as	  shown	  on	  the	  figure	  2	   in	  such	  way	  that	  it	  maintains	  a	  space	  
for	  true	  periodontal	  tissue	  regeneration.	  It	  separates	  the	  superficial	  periodontium	  and	  the	  
deep	  periodontium	  maintaining	  a	  “free”	  space	  for	   the	  regeneration	  of	  PDL	  and	  alveolar	  
bone.	  Gum	  tissue	  grows	  at	  a	  much	  faster	  rate	  than	  bone;	  therefore,	  membranes	  are	  used	  
to	   prevent	   gum	   tissue	   from	   growing	   in.	   It	  was	   shown	   that	   this	   technique	  was	   efficient	  
only	  in	  a	  few	  cases	  where	  the	  intra-­‐bony	  defects	  are	  narrow	  (5).	  The	  GTR	  system	  could	  be	  
also	  coupled	  to	  a	  bone	  graft	  that	  will	  provide	  a	  mechanical	  support	  to	  the	  tooth	  replacing	  
the	  damaged	  alveolar	  tissue.	  The	  membrane	  will	  help	  and	  stabilize	  the	  bone	  grafts	  as	  well	  
as	  displace	  the	  gum	  tissue	  from	  invading	  the	  healing	  bone	  graft.	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Figure	  2	  -­‐	  Guided	  Tissue	  Regeneration	  membrane	  technique	  (1)	  
	  
2)	  Tissue	  engineering	  	  
	  
Tissue	   engineering	   is	   a	   new	   field	   that	   combines	   the	   principles	   of	   biology,	  
engineering	   and	   material	   sciences	   in	   view	   of	   developing	   functional	   substitutes	   for	  
damaged	  tissue.	  This	  promising	  field	  has	  been	  studied	  with	  great	  interest	  in	  order	  to	  build	  
systems	  to	  restore,	  maintain,	  replace	  or	  improve	  biological	  functions	  for	  the	  past	  20	  years	  
(6).	   The	  new	  generation	  of	  biomaterials	   targets	   a	  progressive	   regeneration.	  A	   synthetic	  
scaffold	  provides	  a	  temporal	  support	  for	  cellular	  colonization	  into	  the	  implant	  site.	  These	  
temporary	   frameworks	   provide	   a	   three-­‐dimensional	  microenvironment	  where	   cells	   can	  
proliferate,	  differentiate	  and	  generate	  the	  desired	  tissue.	  The	  progressive	  regeneration	  of	  
the	   damaged	   tissues	   optimally	   corresponds	   to	   the	   progressive	   biodegradation	   of	   the	  
artificial	  matrix.	  Cellular	   interactions	  play	  a	  crucial	  role	   in	  the	  acceptance	  of	  the	   implant	  
by	  the	  host	  tissue.	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3)	  Scaffold	  properties	  
	  
Scaffolds	   must	   present	   adequate	   properties	   in	   accordance	   with	   the	   future	   host	  
environment.	   The	  main	   properties	   of	   these	   artificial	  matrices	   are	   described	  below.	   The	  
choice	  of	  the	  material	  depends	  on	  the	  desired	  outcome.	  
-­‐ Mechanical	  properties:	  	  scaffolds	  should	  present	  proper	  mechanical	  resistance	  
to	  support	  the	  in	  vivo	  stresses	  and	  should	  be	  mechanically	  compatible	  with	  the	  
surrounding	  tissues	  (5).	  
-­‐ Porosity:	   	   the	   size	   and	   interconnectivity	   of	   the	   pores	   are	   determinant	   for	   a	  
good	  cellular	  response.	  Cells	  have	  to	  invade	  and	  proliferate	  inside	  the	  scaffold	  
and	   the	  porosity	  has	  a	  huge	   impact	  on	  nutrient	  diffusion,	   cell	   differentiation	  
and	  tissue	  ingrowth	  (7).	  
-­‐ Degradation:	   Scaffold	   degradation	   is	   a	   fundamental	   property	   as	   the	   scaffold	  
serves	  as	  a	  temporary	  template	  for	  tissue	  regeneration.	  The	  degradation	  must	  
occur	   at	   a	   rate	   compatible	   with	   the	   new	   tissue	   formation.	   Moreover,	   the	  
degradation	  process	  should	  not	  release	  toxic	  elements	  inside	  the	  body	  to	  not	  
induce	  a	  hostile	  inflammatory	  response.	  	  
	  
4)	  Polymer	  nanofibers	  
	  
Systems	   with	   polymers	   scaffolds	   were	   used	   during	   the	   last	   decades.	   Because	   of	  
their	  very	   interesting	  biodegradability	  and	  biocompatibility	  properties,	  polymers	  are	  the	  
main	  components	  of	  tissue	  engineered	  scaffolds.	  	  
They	   can	   be	   classified	   as	   natural-­‐based	  materials	   (chitosan,	   alginate,	   hyaluronic	  
acid,	   collagen,	   etc.)	   and	   synthetic	   polymers.	   PCL	   (poly(ε_caprolactone),	   PLA	   (poly(lactic	  
acid))	  ,	  PGA	  (poly(glycolic	  acid))	  and	  PHB	  (poly	  (hydroxyl	  butyrate)	  )	  are	  the	  main	  artificial	  
polymers	  that	  are	  used	  for	  synthetic	  polymer	  scaffolds	  (8).	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Synthetic	  polymers	  have	  relatively	  good	  mechanical	  strength	  and	  their	  shape	  and	  
degradation	  rate	  can	  be	  easily	  modified.	  However,	  they	  have	  hydrophobic	  surfaces,	  and	  
unless	   the	   natural-­‐based	   polymers	   they	   do	   not	   have	   a	   potential	   advantages	   for	   cell-­‐
recognition	  signals.	  
PGA	  and	  PLA	  and	  their	  co	  polymers	  (PLGA)	  are	  widely	  used	  in	  tissue	  engineering.	  
They	   demonstrated	   good	   biocompatible	   properties.	   PLGA	   is	   degraded	   by	   hydrolysis	  
through	   ester	   bonds,	   releasing	   non-­‐toxic	   elements	   (carbon	   dioxide	   and	   water)	   at	   a	  
controllable	   rate	   in	   vivo.	   For	   PLGA	   50/50,	   the	   average	   degradation	   rate	  was	   estimated	  
around	   3-­‐6	   months	   according	   to	   (3).	   This	   time	   may	   fit	   with	   the	   regeneration	   of	   the	  
periodontal	  tissues.	  That	  is	  why	  PLGA	  is	  often	  considered	  as	  a	  suitable	  material	  for	  tooth	  
tissue	  engineering	  applications.	  
	  
Figure	  3-­‐	  Poly(lactic-­‐co-­‐glycolic	  acid)	  structure	  
	  
Nanofibers	   of	   PLGA,	   produced	   by	   electrospinning	   or	   jet	   spraying,	   are	   artificial	  
structures	   capable	   of	   supporting	   three-­‐dimensional	   tissue	   formation,	   allowing	   cell	  
attachment	  and	  migration.	  The	  high	  porosity	  of	  these	  synthetic	  scaffolds	   is	  necessary	  to	  
facilitate	   cell	   seeding	   and	   diffusion	   throughout	   the	   whole	   structure	   of	   both	   cells	   and	  
nutrients	   (3).	   Such	   matrices	   will	   provide	   a	   high	   porous	   framework	   and	   reproduce	   the	  
nanofibrillar	  component	  of	  the	  natural	  ECM	  (collagen	  structures	  in	  bones).	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IV	  -­‐	  Nanofibers	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  techniques	  
	  
Nanofibers	   were	   widely	   studied	   the	   last	   few	   years.	   There	   are	   a	   few	   different	  
synthesis	  techniques	  to	  create	  small	  polymer	  filament	  with	  diameters	  smaller	  than	  1000	  
nm.	  We	  described	  here	  two	  techniques,	  electrospinning	  and	   jet	  spraying	  used	  to	  create	  
polymer	  fibers.	  
	  
1)	  Electrospinning	  
	  
Electrospinning	  allows	  the	  formation	  of	  different	  polymer	  nanofibers	  electrostatic	  
interactions	  in	  order	  to	  project	  polymer	  filaments	  onto	  a	  ground	  metal	  screen.	  
Principle	  
A	  syringe	  is	  filled	  with	  a	  polymer	  source	  (polymer	  solution	  or	  melt	  for	  a	  constant	  
polymer	  flow).	  An	  important	  voltage	  difference	  is	  applied	  between	  two	  electrodes	  placed	  
respectively	  at	  the	  syringe	  nozzle	  (spinning	  solution)	  and	  the	  metal	  collector.	  It	  creates	  an	  
electrically	  charged	  jet	  of	  polymer	  solution	  out	  of	  the	  nozzle.	  The	  charge	  localized	  on	  the	  
surface	  of	  the	  solution	  causes	  a	  force	  directly	  opposite	  to	  the	  surface	  tension.	  Then	  the	  
hemispherical	   surface	   of	   the	   fluid	   at	   the	   tip	   of	   the	   capillary	   tube	   elongates	   to	   form	   a	  
conical	   shape	   (Taylor’s	   cone).	   A	   critical	   value	   of	   the	   electric	   field	   could	   produce	   a	  
repulsive	   force	  enough	   to	  overcome	   the	   surface	   tension	  and	  eject	   the	   charged	   jet.	   The	  
solution	  jet	  evaporates	  before	  reaching	  the	  collector	  and	  a	  polymer	  filament	  is	  collected	  
on	  the	  grid.	  
The	   metallic	   collector	   could	   be	   replaced	   by	   a	   rotating	   mandrel	   in	   order	   to	  
orientate	  the	  fiber.	  Selecting	  an	  adequate	  high	  rotating	  speed,	  it	  is	  possible	  to	  obtain	  fiber	  
alignment.	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Figure	  4–	  Electrospinning	  device	  with	  rotating	  mandrel	  system	  (9)	  
More	  than	  fifty	  different	  polymers	  have	  been	  successfully	  electrospun	  into	  ultra-­‐
fine	   fibers	  with	  a	  diameters	   ranging	   from	  a	   few	  nanometres	   to	  over	  1	  µm.	  Most	  of	   the	  
polymers	  are	  dissolved	  into	  solvents	  to	  create	  a	  spinning	  polymer	  solution.	  
Quality	   of	   the	   produced	   fibers	   (i.e.	   surface	   roughness	   and	   dimensions)	   strongly	  
depends	   on	   a	   set	   of	   parameters.	   These	   parameters	   include	   the	   solution	   properties	  
(viscosity,	   elasticity,	   surface	   tension,	   and	   electrical	   conductivity),	   the	   electric	   field,	   the	  
distance	  between	  the	  two	  electrodes	  and	  ambient	  parameters	  (temperature,	  humidity…)	  
(10).	  
	  
2)	  Jet	  spraying	  
	  
Jet	  spraying	  is	  a	  simple	  and	  novel	  method	  for	  polymer	  nanofibers	  fabrication	  (11).	  
With	   the	   help	   of	   an	   airflow,	   polymers	   are	   sprayed	   onto	   a	   target	   creating	   elongated	  
nanofibers.	   The	   principle	   of	   Jet	   spraying	   technique	   is	   summarized	   in	   the	   figure	   5.	   The	  
polymer	   is	   first	   dissolved	   with	   an	   appropriate	   solvent.	   The	   liquid	   mixture,	   so	   called	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polymer	   solution,	   is	   then	   attracted	   at	   the	   extremity	   of	   a	   nozzle	   by	   the	   air	   depression	  
induced	  by	  the	  main	  air	  stream.	  A	  small	  amount	  of	  the	  polymer	  solution	  comes	  out	  the	  
needle	  and	   is	  projected	  onto	   the	  collector,	  a	  Teflon	  grid	   that	  allows	  air	   to	  pass	  without	  
damaging	   the	   deposited	   polymer	   fibers.	   The	   solvent,	   initially	   present	   in	   the	   polymer	  
solution,	  is	  evaporated	  during	  the	  projection	  in	  such	  a	  way	  that	  only	  polymer	  is	  collected	  
on	   the	  grid.	  The	   target	   could	  be	  also	  a	   rotating	  mandrel	  device	  as	  previously	  described	  
with	  electrospinning	  in	  order	  to	  obtain	  aligned	  fibers.	  
	  	  
Figure	  5-­‐	  Jet	  spraying	  technique	  (11)	  
As	  with	  electrospinning	  technique,	  several	  parameters	  should	  be	  adjusted	  in	  order	  
to	  optimize	  the	  quality	  of	  fiber	  production.	  Here	  we	  have	  to	  play	  with	  4	  main	  parameters:	  	  
initial	   air	   pressure	   which	   drags	   away	   the	   polymer	   solution,	   the	   nozzle	   opening	   which	  
controls	   the	   polymer	   solution	   flow,	   projection	  distance	   (calculated	   to	   evaporate	   all	   the	  
residual	   solvent)	   and	   polymer	   concentration	   (directly	   related	   to	   the	   viscosity	   of	   the	  
polymer	   solution).	   Solvent	   with	   high	   vapour	   pressure	   is	   needed	   in	   order	   to	   be	   fully	  
evaporated	   during	   the	   projection	   of	   the	   polymer	   solution.	   We	   used	   generally	   for	  
electrospinning	  techniques	  Dichloromethane	  (DCM).	  (12)	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Jet	   spraying	   technique	   will	   allow	   the	   production	   of	   nanofibers	   with	   diameters	  
ranging	   from	  300nm	  to	  1500nm.	  The	  nanofibers	  scaffolds	  produced	  with	  this	   technique	  
present	  a	  high	  porosity	  (until	  90%	  for	  polycaprolactone	  (PCL)	  nanofibers	  (11)).	  
Jet	  Sprayed	  scaffold	  are	  good	  candidates	  for	  regeneration	  scaffold	  because	  of	  their	  
promising	   cellular	   interactions.	   Whereas	   cells	   just	   proliferate	   on	   the	   surface	   of	   the	  
electrospun	  nanofibers	  due	  to	  their	  elevated	  density	  (13),	  they	  can	  easily	  migrate	  inside	  
the	  jet-­‐sprayed	  scaffolds	  thanks	  to	  their	  high	  porosity.	  In	  Sohier	  et	  al.	  paper,	  stromal	  cells	  
invasion	   and	   proliferation	   were	   indeed	   observed	   onto	   PCL	   nanofibrous	   scaffolds	   (14).	  
Human	  Bone	  Marrow	  Cells	   (hBMC)	  could	   infiltrate	  and	  colonize	   Jet-­‐Sprayed	  nanofibers,	  
confirming	   their	   suitable	   application	   as	   synthetic	   External	   Cellular	   Matrix	   (ECM)	   and	  
proving	  their	  value	  for	  tissue	  engineering.	  
In	  comparison	  with	  electrospinning,	  Jet	  spraying	  offers	  a	  simple	  method	  using	  only	  
an	  air	  flow	  to	  produce	  polymer	  filaments	  (no	  needs	  of	  a	  high	  voltage)	  where	  it	  could	  be	  
more	  facile	  to	  incorporate	  external	  materials	  such	  as	  ceramic	  fillers.	  
However,	   because	  of	   electrospinning	   is	   an	   older	   and	  more	   studied	   technique,	   it	  
allows	   to	   synthesize	   cleaner	   nanofibers	   without	   defects	   (beads)	   and	   with	   a	   correct	  
alignment	  of	  the	  fibers.	  
	  
V	  -­‐	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1)	  A	  natural	  process	  
	  
Bio	   mineralization	   is	   the	   process	   by	   which	   living	   organisms	   secrete	   inorganic	  
minerals	  in	  the	  form	  of	  skeletons,	  shells,	  teeth,	  etc.	  It	  is	  a	  natural	  process	  involved	  during	  
the	  development	  of	  these	  hard	  tissues.	  Bone	  mineralization	  depends	  on	  the	  phosphatase	  
level	  through	  matrix	  vesicles	  (15).	  The	  supersaturation	  of	  physiological	  fluids	  in	  phosphate	  
and	   calcium	   ions	  and	  others	  minor	   species	   (Na+	   and	  K+)	  provokes	   the	  precipitation	  and	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nucleation	  of	   the	  mineral	  phase	  as	  nano-­‐sized	  plate-­‐shaped	  particles,	  which	  are	   initially	  
confined	   to	   the	   hole	   zones,	   and	   progressively	   extend	   along	   the	   collagen	   fibrils	   (16).	  
Dimension	  of	  the	  minerals	  are	  ranging	  from	  30–50	  nm	  long,	  15–30	  nm	  wide,	  and	  2–10	  nm	  
thick	  and	  are	  preferentially	  orientated	  along	  the	  fibrils.	  
Mineralization	   takes	   place	   in	   a	   confined	   reaction	   environment	   constructed	   by	  
biomolecules-­‐	  mainly	  polymers.	  Collagen,	  in	  the	  example	  of	  bone,	  builds	  a	  scaffold	  for	  the	  
mineralization	   sites	   (17).	   The	   role	   of	   these	   scaffolds	   is	   to	   control	   the	   nucleation	   and	  
growth	  of	   inorganic	  compounds.	   It	   is	  well	   the	  case	   in	  teeth	  and	  cementum,	  to	  promote	  
the	  growth	  of	  hydroxyapatite	  with	  a	  good	  orientation	  and	  composition.	  
As	   inspiration	   from	   natural	   mechanisms	   of	   mineralization,	   when	   a	   tissue	   is	  
damaged	  and	  a	  scaffold	  is	  implanted	  into	  the	  site,	  mineralization	  should	  be	  improved	  and	  
driven	  by	   the	   scaffold	   in	  order	   to	  provide	  good	  mineral	   reconstruction.	  The	  nucleation,	  
growth	   and	   orientation	   are	   influenced	   by	   a	   lot	   factor	   such	   as	   pH,	   composition	   of	   the	  
surrounding	  medium…	  
Mineralization	  is	  often	  associated	  with	  the	  formation	  of	  calcium	  phosphate	  (CaP)	  
minerals.	   There	   are	   many	   different	   types	   of	   calcium	   and	   phosphate	   minerals	  
compositions	   depending	   on	   the	   type	   of	   hard	   tissue	   we	   are	   dealing	   with	   (see	   table	   of	  
calcium	   phosphates)	   (18).	   In	   general,	   amorphous	   calcium	   phosphate,	   calcium	   deficient	  
phosphate	   minerals	   and	   hydroxyapatite	   (HA)	   (Ca10(PO4)6(OH)2)	   are	   the	   main	   inorganic	  
precipitates	  involving	  in	  bio-­‐mineralization.	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Table	  1	  –	  Calcium	  phosphate	  minerals	  
	  
	  
	  
	  
2)	  Simulated	  Body	  Fluid	  
	  
A	   simulated	  body	  Fluid	   (SBF)	   (19)	   is	   a	   solution	   containing	  dissolved	   salts	   found	   in	  
human	  blood	  plasma.	  The	  solution	  tends	   to	  be	  as	  close	  as	  possible	   to	   this	  physiological	  
fluid,	  in	  terms	  of	  pH,	  temperature	  and	  salts	  concentration.	  Table	  2	  enumerates	  the	  main	  
ions	  components	  of	  the	  human	  blood	  plasma	  (19).	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Table	  2	  –	  Ionic	  composition	  of	  human	  blood	  plasma,	  SBFx1	  &	  SBFx5	  
Ion	  
Ion	  concentrations	  
(mM)	  
	   	  
Blood	  plasma	   SBFx1	   SBFx5	  
Na+	   142.0	   142.0	   710	  
K+	   5.0	   5.0	   25	  
Mg2+	   1.5	   1.5	   7.5	  
Ca2+	   2.5	   2.5	   12.5	  
Cl-­‐	   103.0	   147.8	   739	  
HCO3-­‐	   27.0	   4.2	   21	  
HPO42-­‐	   1.0	   1.0	   5	  
SO42	   0.5	   0.5	   2.5	  
pH	   7.2-­‐7.4	   7.4	   6.4	  
	  
Experiments	   and	   tests	   using	   SBF	   were	   largely	   performed	   20	   years	   ago	   in	   tissue	  
engineering;	  especially	  to	  mimic	  the	  behaviour	  of	  in	  vivo	  bio-­‐mineralization	  (20).	  A	  similar	  
process	  of	  mineral	  deposition	  can	  be	  simulated	  when	  samples	  are	  immersed	  inside	  a	  SBF	  
solution.	  SBF	  mineralization	   tests,	   to	  show	  the	  bioactivity	  of	  a	   scaffold	   (future	   implant),	  
were	  developed	  in	  several	  regenerative	  science	  studies.	  
After	   a	   specific	   immersion	   time,	   quality	   of	   deposited	   minerals	   (mainly	   calcium	  
phosphate	  minerals)	  is	  analysed	  providing	  interesting	  comparative	  data	  about	  bioactivity.	  
As	   previously	   described,	  mineralization	   is	   a	   natural	   and	   fundamental	   process	   occurring	  
when	  an	  external	  material	  is	  implanted	  inside	  a	  hard	  tissue	  site.	  By	  mimicking	  the	  in	  vivo	  
environment	  with	  SBF	  solution,	  bioactivity	  abilities	  can	  be	  easily	  estimated.	  Fang	  Yang	  et	  
al.	  (21)	  and	  S.	  G.	  Caridade	  et	  al.	  (22)	  observed	  the	  deposition	  of	  CaP	  minerals	  onto	  their	  
composite	  polymer	  matrices,	  showing	  bioactivity	  properties	  of	  their	  materials.	  
In	   order	   to	   accelerate	   the	  mineralization	  process,	   several	   researchers	   increased	   the	  
global	  concentration	  of	  salts	   inside	  the	  solution.	  Xiaoyan	  Yuan	  et	  al.	   synthesized	  a	  1.5	  x	  
concentrated	  SBF	   solution	   to	   control	   the	   formation	  of	  bone-­‐like	  apatite	  on	  poly(L-­‐lactic	  
acid)	  fibers	  (23).	  More	  concentrated	  SBF	  solutions	  (times	  5	  and	  10),	  called	  supersaturated	  
SBF	   were	   synthesized	   again	   to	   have	   a	   faster	   mineralization.	   Consequently,	   average	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immersion	   delays	   were	   shorten	   to	   a	   few	   hours	   for	   SBFx10	   (24)	   to	   a	   few	   days	   for	   less	  
concentrated	  SBF	  solution	  (SBFx1	  or	  SBFx1.5)	  (25).	  
Table	   3	   summarizes	   in	   vitro	   mineralization	   assays	   of	   polymers	   by	   SBF	   present	   in	   the	  
literature.	  
Table	  3	  –	  SBF	  mineralization	  assays	  on	  various	  polymers	  
Title	   Polymer	  fiber	  
substrate	  
Experimental	  
details	  
Main	  achievements	  
Development	  of	  an	  
electrospun	  nano-­‐
apatite/PCL	  composite	  
membrane	  for	  GTR/GBR	  
application	  (26)	  
Composite	  fibrous	  
membranes	  based	  
on	  nano-­‐apatite	  and	  
poly	  (e-­‐caprolactone)	  
(PCL)	  
SBFx1	  
2	  &	  4	  weeks	  of	  
immersion	  
Kokubo	  
conditions	  
the	  presence	  of	  nAp	  
enhanced	  the	  
bioactive	  behavior	  
of	  the	  membranes	  
Culturing	  Primary	  Human	  
Osteoblasts	  on	  
Electrospun	  Poly(lactic-­‐
coglycolic	  acid)	  and	  
Poly(lactic-­‐co-­‐glycolic	  
acid)/Nanohydroxyapatite	  
Scaffolds	  for	  Bone	  
Tissue	  Engineering	  (27)	  
PLGA	  scaffolds	   SBFx1	  
21	  days	  of	  
immersion	  
Kokubo	  
conditions	  
Embedded	  nano-­‐HA	  
can	  significantly	  
enhance	  the	  
formation	  of	  the	  
bone-­‐like	  apatites.	  
Bioactivity	  and	  
Viscoelastic	  
Characterization	  of	  
Chitosan/Bioglass	  
Composite	  Membranes	  
(22)	  
Composite	  
membrane	  of	  
Chitosan	  and	  bioglass	  
SBFx1	  
1,	  5	  &	  7	  days	  of	  
immersion	  
Kokubo	  
conditions	  
	  CTS/BG	  membrane	  
showed	  improved	  
mechanical	  
properties	  and	  
excellent	  apatite	  
forming	  ability	  
compared	  to	  pure	  
CTS	  membrane	  
Preparation	  and	  
bioactive	  properties	  of	  
novel	  bone-­‐repair	  
bionanocomposites	  based	  
on	  hydroxyapatite	  and	  
bioactive	  glass	  
nanoparticles	  (28)	  
Nanoparticles	  of	  
hydroxyapatite	  
introduced	  in	  porous	  
alginate	  
SBFx1	  
7	  days	  of	  
immersion	  
Kokubo	  
conditions	  
Accelerated	  process	  
of	  crystallization	  
and	  growth	  of	  the	  
apatite	  phase	  on	  
the	  composite	  
scaffold	  surfaces.	  
Nanoparticles	  also	  
improve	  the	  
mechanical	  
properties	  and	  
stability	  in	  SBF	  of	  
the	  polymer	  
scaffold	  matrix.	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Accelerated	  Bonelike	  
Apatite	  Growth	  on	  Porous	  
Polymer/Ceramic	  
Composite	  Scaffolds	  in	  
Vitro	  (29)	  
Porous	  
PLGA/Hydroxyapatite	  
composite	  scaffold	  
SBFx1/SBFx5	  
up	  to	  5	  days	  of	  
immersion	  
pH=6.4	  
Apatite	  growth	  on	  
porous	  (PLGA/	  HA)	  
composite	  scaffolds	  
was	  significantly	  
faster	  than	  on	  
porous	  PLGA	  
scaffolds.	  	  
Apatite	  coating	  
more	  uniform	  on	  
PLGA/HA	  scaffolds	  
than	  on	  PLGA	  
scaffolds.	  
Mineralization	  of	  
hydroxyapatite	  in	  
electrospun	  nanoﬁbrous	  
poly(L-­‐lactic	  acid)	  
scaffolds	  (30)	  
PLLA	  nanofibrous	  
scaffold	  
SBFx1	  
0	  to	  28	  days	  of	  
immersion	  
almost	  Kokubo	  
conditions	  
Deposited	  mineral	  
phase	  was	  a	  
carbonated	  
apatite	  with	  thin	  
flake-­‐like	  
nanostructures.	  
A	  composite	  of	  
Hydroxyapatite	  with	  
Electrospun	  
Biodegradable	  Nanofibers	  
as	  a	  Tissue	  Engineering	  
Material	  (31)	  
Nanofibrous	  film	  
of	  PHBV	  
SBFx1.5	  
one	  week	  
pH=7.25	  at	  
36.5°C	  
After	  Hap	  
deposition,	  
composite	  surfaces	  
became	  extremely	  
hydrophilic.	  
Robocasting	  
nanocomposite	  scaffolds	  
of	  poly(caprolactone)/	  
hydroxyapatite	  
incorporating	  modified	  
carbon	  nanotubes	  for	  
hard	  tissue	  reconstruction	  
(25)	  
Nanofibrous	  
scaffolds	  of	  
PCL/Hydroxyapatite	  
SBFx1.5	  
1	  to	  14	  days	  of	  
immersion	  
pH	  =	  7.25	  at	  37°C	  
Incorporation	  of	  
ionically	  modified	  
carbon	  nanotubes	  
into	  PCL-­‐HA	  
composition	  
significantly	  
improved	  the	  
compressive	  
strength	  and	  elastic	  
modulus	  of	  the	  
scaffolds	  
Formation	  of	  bone-­‐
like	  apatite	  on	  poly(lactid	  
acid)	  fibers	  by	  a	  
biomimetic	  process	  (23)	  
PLLA	  fibers	   SBFx1.5	  
5	  to	  20	  days	  of	  
immersion	  
pH	  =	  7.3	  	  at	  37°C	  
After	  15	  days	  of	  
incubation	  in	  SBF,	  
an	  apatite	  layer	  (5–
6	  mm	  thickness)	  
formed	  on	  the	  
fibers	  surface.	  
Mechanical	  Properties	  
of	  (poly(L-­‐lactide-­‐co-­‐
glycolide))-­‐	  Based	  Fibers	  
Coated	  with	  
PLGA	  fibers	   SBFx3	  
5,	  10	  &	  15	  days	  
of	  immersion	  
pH=	  7.28	  at	  37°C	  
Continuous	  HAp	  
layer	  formed	  in	  SBF	  
on	  the	  nanoHAp	  
modified	  polymer	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Hydroxyapatite	  Layer	  (32)	   fibers.	  
The	  tensile	  modulus	  
of	  the	  fibers	  with	  a	  
continuous	  layer	  
was	  found	  to	  
increase	  with	  the	  
apatite	  layer	  
thickness,	  whereas	  
the	  tensile	  strength	  
decreases.	  
Preparation	  	  of	  
biomimetic	  
hydroxyapatite	  by	  
biomineralization	  and	  
calcination	  using	  poly(L-­‐
lactide)/gelatin	  composite	  
fibrous	  mat	  as	  template	  
(33)	  
PLLA/Gelatin	  
composite	  fibrous	  
matrixes	  
SBFx5	  
24h	  of	  
immersion	  
pH=6.4	  
Flaky-­‐like	  minerals	  
depositing	  on	  fiber	  
surface.	  
	  
Biomineralization	  of	  
electrospun	  poly(l-­‐lactic	  
acid)/gelatin	  composite	  
fibrous	  
scaffold	  by	  using	  a	  
supersaturated	  simulated	  
body	  fluid	  with	  
continuous	  CO2	  
bubbling	  (34)	  
PLLA/Gelatin	  
composite	  fibers	  
SBFx5	  
24h	  of	  
immersion	  
pH=6.4	  
Heterogenenous	  
nucleation	  occurred	  
dominantly	  and	  
thermodynamical	  
unstable	  brushites	  
(dicalcium	  
phosphate	  
dihydrate,	  DCPD).	  
Poly(lactide-­‐co-­‐
glycolide)/hydroxyapatite	  
composite	  scaffolds	  for	  
bone	  tissue	  engineering	  
(35)	  
PLGA/	  nano-­‐
hydroxyapatite	  
composite	  scaffold	  
SBFx5	  
14	  days	  of	  
immersion	  
pH=6.8	  	  at	  37	  °C	  
Stronger	  
biomineralization	  
ability	  for	  PLGA/HA	  
scaffolds	  than	  the	  
control	  PLGA	  ones.	  
The	  synergistic	  effect	  
of	  a	  hybrid	  graphene	  
oxide–chitosan	  system	  
and	  biomimetic	  
mineralization	  on	  
osteoblast	  functions	  (36)	  
Graphene	  oxide	  
and	  chitosan	  
SBFx5	  
21	  days	  of	  
immersion	  
pH=7.25	  37°C	  
The	  combination	  of	  
the	  chitosan–
graphene	  oxide	  
conjugate	  and	  
biomineralization	  is	  
beneficial	  in	  
favorably	  	  
modulating	  cellular	  
activity.	  
Biomimetic	  calcium	  
phosphate	  coating	  on	  
electrospun	  poly	  
(-­‐caprolactone)	  
PCL	  scaffold	   SBFx10	  
2	  -­‐	  6	  h	  of	  
immersion	  
pH=6.5	  
After	  6	  h,	  the	  PCL	  
scaffolds	  (SBF10	  6h)	  
were	  fully	  covered	  
with	  CaP	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scaffolds	  for	  bone	  tissue	  
engineering	  (37)	  
coating	  and	  the	  
porous	  structure	  
was	  lost.	  
Strong	  and	  tough	  
mineralized	  PLGA	  
nanofibers	  for	  tendon-­‐to-­‐
bone	  
scaffolds	  (38)	  
PLGA	  nanofibers	   SBFx10	  
5-­‐30min	  of	  
immersion	  
The	  high	  toughness	  
of	  this	  material	  
system	  could	  be	  
maintained	  
without	  
compromising	  on	  
the	  strength	  with	  
the	  addition	  of	  
hydroxyapatite	  
mineral.	  
Nanofiber	  Scaffolds	  
with	  Gradations	  in	  
Mineral	  Content	  for	  
Mimicking	  the	  Tendon-­‐to-­‐
Bone	  Insertion	  Site	  (39)	  
PLGA/PCL	  
nanofibers	  
SBFx10	  
2-­‐6h	  of	  
immersion	  
Linear	  gradient	  in	  
calcium	  phosphate	  
content	  achieved	  
across	  the	  surface	  
of	  the	  nanofiber	  
mat.	  
Advanced	  tissue	  
engineering	  scaffold	  
design	  for	  regeneration	  of	  
the	  complex	  hierarchical	  
periodontal	  structure	  (40)	  
Biphasic	  PLC	  
scaffold	  
SBFx10	  
30	  min	  
pH=7,	  	  37	  °C	  
Alkaline	  
phosphatase	  
activity	  and	  
mineralization	  was	  
significantly	  
increased	  in	  the	  
CaP-­‐coated	  
samples.	  
	  
3)	  Polymer	  nanocomposite	  	  
	  
A	   third	   way	   to	   initiate	   the	   mineralization	   of	   a	   new	   polymeric	   scaffold	   is	   to	  
incorporate	  calcium	  phosphate	  particles	  during	  its	  synthesis.	  Hydroxyapatite	  can	  be	  easily	  
introduced	  by	  several	  methods	  to	  PLGA,	  PCL	  nanofibers.	  Table	  4	  lists	  the	  different	  assays	  
on	   the	   fabrication	   of	   polymer	   and	   hydroxyapatite	   composites.	   A	   commonly	   used	  
technique	  to	  produce	  nanocomposite	  of	  polymer	  and	  hydroxyapatite	   is	  electrospinning.	  
Nanoparticles	   are	   first	   mixed	   to	   the	   polymer	   solution.	   The	   new	   blend,	   stirred	  
energetically,	   contains	   the	   polymer	   solution	   with	   HA	   nanoparticles	   in	   suspension.	   The	  
mixture	   is	   then	   inserted	   into	   a	   syringe	   and	   projected	   onto	   a	   collector	   to	   produce	  
composite	  nanofibers	  as	  shown	  on	  figure	  4.	  Authors	  listed	  in	  table	  4	  used	  hydroxyapatite	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nanoparticles	  with	  dimensions	  often	  smaller	  than	  200nm.	  Amorphous	  Calcium	  phosphate	  
and	  tri-­‐Calcium	  Phosphate	  were	  sometimes	  also	  incorporated	  to	  PDLLA	  (41)	  and	  PCL	  (42).	  
The	  percentage	  in	  mass	  of	  CaP	  nanoparticles	  is	  comprised	  between	  0	  and	  50%	  wt.	  
Viscosity	   of	   the	  polymer	   solution	   changed	  with	   the	   amount	   of	   fillers.	   Thus	   it	   has	   some	  
consequences	  on	  the	  quality	  and	  the	  synthesis	  parameters	  of	  the	  electrospinning	  device.	  
With	  this	  technique,	  nanoparticles	  are	  incorporated	  inside	  the	  fibers	  as	  shown	  on	  
the	  TEM	  image	  (figure	  6)	  (21).	  The	  HA	  crystals	  are	  well	  located	  inside	  the	  fiber	  and	  do	  not	  
appear	  at	  the	  surface	  unless	  if	  the	  amount	  of	  fillers	  is	  too	  high.	  
	  
	  
Figure	  6-­‐	  Transmission	  electron	  micrograph	  of	  HA	  nanoparticles	  incorporated	  inside	  
electrospun	  PCL	  fibers	  (26)	  
	  
	  
	  
	  
a b
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Table	  4	  	  –	  Polymer/hydroxyapatite	  nano-­‐composites	  fabrication	  present	  in	  the	  literature	  
Title	   Experimental	  details	   Main	  achievements	  
Poly(lactide-­‐co-­‐
glycolide)/hydroxyapatite	  
nanofibrous	  scaffolds	  
fabricated	  by	  
electrospinning	  for	  bone	  
tissue	  engineering	  (7)	  (43)	  
Electrospinning	  
	  
mixture	  suspension	  
PLGA+	  
HA	  particles	  (	  266.6+/-­‐	  7.3	  
nm)	  
0	  to	  15	  %	  wt	  of	  HA	  particles	  
in	  the	  polymer	  blend	  
	  
Good	  mineralization	  at	  the	  
surface	  of	  the	  fibers.	  
%wt	  HA	  should	  be	  higher	  
than	  5	  to	  have	  	  an	  
homogeneous	  mineral	  
coating.	  
In	  vitro	  mineralization	  in	  a	  5x	  
simulated	  body	  fluid	  (SBF)	  
revealed	  that	  the	  PLGA/HAp	  
nanofibrous	  scaffolds	  had	  
stronger	  biomineralization	  
ability	  than	  the	  control	  PLGA	  
scaffolds.	  
Culturing	  Primary	  Human	  
Osteoblasts	  on	  
Electrospun	  Poly(lactic-­‐
coglycolic	  acid)	  and	  
Poly(lactic-­‐co-­‐glycolic	  
acid)/Nanohydroxyapatite	  
Scaffolds	  for	  Bone	  Tissue	  
Engineering	  (27)	  
Electrospinning	  
	  
PLGA	  +	  nano	  HA	  particles	  
(205nm	  x	  33nm)	  
30%wt	  of	  HA	  paticles	  in	  the	  
blend	  
Embedded	  nano-­‐HA	  can	  
significantly	  enhance	  the	  
formation	  of	  the	  bone-­‐like	  
apatites	  
Control	  of	  Osteogenic	  
Differentiation	  and	  
Mineralization	  of	  Human	  
Mesenchymal	  Stem	  
Cells	  on	  Composite	  
Nanofibers	  Containing	  
Poly[lactic-­‐co-­‐(glycolic	  
acid)]	  and	  
Hydroxyapatite	  (44)	  
Electrospinning	  
PLGA	  +	  HA	  nanoparticles	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(<	  200nm)	  
20	  &	  40%wt	  of	  HA	  particles	  
Reasonable	  mineralization	  
with	  0.4 %	  of	  HA	  
HA	  homogeneously	  dispersed	  
in	  the	  nanofibers,	  and	  the	  
roughness	  increased	  
along	  with	  the	  amount	  of	  
incorporated	  HA.	  
Aligned	  PLGA/HA	  
nanofibrous	  
nanocomposite	  scaffolds	  
for	  bone	  tissue	  
engineering	  (45)	  
Electrospinning	  
PLGA	  +	  HA	  	  
nanoparticles	  (100-­‐150	  nm)	  
1,	  5,	  10	  and	  20	  wt.%	  
Addition	  of	  different	  amounts	  
of	  nano-­‐HA	  increased	  the	  
average	  fiber	  diameter	  from	  
300	  nm	  (neat	  PLGA)	  to	  
700	  nm	  (20%	  nano-­‐HA)	  
Agglomeration	  of	  HA	  at	  
higher	  HA	  concentration	  
(>10%)	  
V	  -­‐	  Mineralization	  
	  
30	  
	  
The	  influence	  of	  
electrospun	  fiber	  scaffold	  
orientation	  and	  nano-­‐
hydroxyapatite	  content	  
on	  the	  development	  of	  
tooth	  bud	  stem	  cell	  in	  
vitro	  (46)	  
Electrospinning	  
PLGA+HA	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
33	  and	  50%wt	  
	  
PLGA/HA	  scaffolds	  fabricated	  
with	  preferential	  alignment.	  	  
nHAs	  have	  an	  effect	  on	  cell	  
proliferation.	  
Poly(lactide-­‐co-­‐
glycolide)/hydroxyapatite	  
composite	  scaffolds	  
for	  bone	  tissue	  
engineering	  (35)	  
Gas	  forming	  and	  
particulate	  leaching	  (GF/PL)	  
method	  
PLGA	  +	  HA	  nanoparticles	  
(100nm)	  
50%	  
Novel	  method	  for	  fabricating	  
a	  polymer/nano-­‐bioceramic	  
composite	  scaffold	  (PLGA/HA)	  
with	  high	  exposure	  of	  the	  
bioceramics	  to	  the	  scaffold	  
surface.	  
	  
Development	  of	  an	  
electrospun	  nano-­‐
apatite/PCL	  composite	  
membraneGTR/GBR	  
application	  (26)	  
Electrospinning	  
PCL	  +	  HA	  nanoparticles	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(rod	  like	  shape	  
20nm*60nm)	  
25	  and	  50	  %wt	  
	  
PCL/HA	  nanofiber	  diamters	  
ranging	  from	  320nm	  	  to	  
430nm	  
NPs	  incorporated	  inside	  the	  
fibers	  
Functionally	  graded	  
electrospun	  
polycaprolactone	  and	  b-­‐
tricalcium	  phosphate	  
nanocomposites	  for	  tissue	  
engineering	  applications	  	  
(42)	  
hybrid	  twin-­‐screw	  
extrusion/electrospinning	  
(TSEE)	  
PCL	  +βTri	  Calcium	  
Phosphate	  	  	  	  (βTCP)	  
(50	  nm	  -­‐2.5	  µm)	  
gradient	  of	  NPs	  contents	  
from	  0	  to	  15	  wt%	  
Concentration	  of	  tricalcium	  
phosphate	  nanoparticles	  
tailored	  to	  vary	  in	  a	  targeted/	  
controlled	  manner	  between	  
the	  two	  surfaces	  of	  the	  
scaffold	  mesh	  
Electrospun	  biomimetic	  
nanocomposite	  
nanofibers	  of	  
hydroxyapatite/chitosan	  
for	  bone	  tissue	  
engineering	  (47)	  
Electrospinning	  
Chitosan	  +	  HA	  nanoparticles	  
(100	  nm*	  30	  nm)	  
30%wt	  
HAp	  nanoparticles	  with	  some	  
aggregations	  were	  
incorporated	  into	  the	  
electrospun	  nanofibers.	  
HAp/CTS	  nanofibers	  with	  a	  
diameters	  of	  214	  +-­‐	  25	  nm	  
Amorphous	  calcium	  
phosphate/poly(D,L-­‐lactic	  
acid)	  composite	  
nanofibers:	  
Electrospinning	  
preparation	  and	  
biomineralization	  (41)	  
Electrospinning	  
PDLLA/Amorphous	  Calcium	  
Phosphate	  nanoparticles	  
(20-­‐80	  nm)	  
No	  information	  
Different	  architectures	  
including	  the	  nanofibrous	  
mesh	  and	  tube	  consisting	  of	  
ACP/PDLLA	  composite	  
nanofibers	  were	  obtained.	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Poly-­‐L-­‐lactic	  
acid/hydroapatite	  hybrid	  
membrane	  for	  bone	  tissue	  
regeneration	  (48)	  
Electrospinning	  
PLLA/HA	  nanoparticles	  
(40-­‐70nm	  *	  15	  nm)	  
No	  information	  
Very	  good	  mechanical	  and	  
characterization	  assays	  on	  the	  
fibers.	  Interesting	  comparison	  
between	  the	  two	  matrices	  (	  
PLLA	  without	  and	  with	  HA)	  
SEM/XRD/IR/EDX/DSC/Tensile	  
stress/Degradation	  
test/Osteoblast	  cell	  cultures	  
Nanofibrous	  Poly(lactic	  
acid)/hydroxyapatite	  
composite	  scaffolds	  for	  
guided	  tissue	  
regeneration	  (49)	  
Electrospinning	  
PLA	  +HA	  nanoparticles	  (35	  
nm)	  
	  5	  and	  20%wt	  
Mixture	  of	  PLA	  and	  HA	  
formed	  smooth	  nanofibers	  
without	  lumps.	  
incorporation	  of	  HA	  increased	  
the	  mechanical	  strength	  of	  
the	  nanofibers	  and	  changed	  
the	  morphology,	  increasing	  
the	  mean	  fiber	  diameter	  
and	  pore	  size.	  
	  
VI	  -­‐	  Objectives	  
	  
The	   aim	   of	   this	   master	   thesis	   is	   to	   evaluate	   different	   techniques	   for	   the	  
preparation	  and	  mineralization	  of	  nanofibrous	  PLGA	  matrices.	  We	  know	  that,	  in	  order	  to	  
increase	   the	  bioactivity	  and	   the	  cellular	   response	  of	   these	  scaffolds,	  we	  have	   to	   initiate	  
the	  mineralization	  before	  implantation.	  As	  the	  future	  implant	  site	  will	  be	  at	  the	  interface	  
between	   the	  cementum	  and	   the	   jaw	  bone,	  we	   target	  a	  deposition	  of	  hydroxyapatite	   in	  
order	  to	  mimic	  this	  hard	  tissue	  in	  composition	  and	  morphology.	  A	  mineral	  coating	  at	  the	  
surface	  of	  PLGA	  nanofibers	  would	  modify	  the	  scaffold	  properties	  and	  could	  improve	  cell	  
biocompatibility	  (invasion	  and	  proliferation).	  
We	   will	   discuss	   in	   this	   work	   three	   different	   potential	   ways	   of	   mineralization.	  
Electrospun	   PLGA	   matrices	   will	   be	   mineralized	   by	   normal	   and	   supersaturated	   SBF	  
solutions.	   Then,	   jet	   spraying	   technique	   will	   allow	   the	   fabrication	   of	   porous	   PLGA/HA	  
nanocomposite	  by	  making	  a	  polymer	  solution	  with	  HA	  nanoparticles	   in	   suspension.	  The	  
last	  technique	  consists	  of	  a	  co-­‐projection	  of	  a	  polymer	  solution	  and	  a	  suspension	  of	  nHA	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in	   water	   with	   the	   jet	   spraying	   device.	   The	  mineralized	  matrices	   will	   be	   compared	   and	  
features	  of	  the	  obtained	  scaffolds	  will	  be	  discussed.	  
	  
VII	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1)	  Mineralization	  
	  
We	   decided	   to	   go	   through	   three	   different	   approaches	   in	   order	   to	   incorporate	  
Calcium	   Phosphate	   minerals	   inside	   PLGA	   nanofiber	   matrices.	   The	   first	   one	   consists	   to	  
precipitate	  CaP	  crystals	  onto	  a	  NaOH	  activated	  surface	  of	  electrospun	  PLGA	  matrices	  by	  
soaking	   them	   into	   a	   high	   concentrated	   salt	   solution.	   The	   two	   others	   use	   Jet	   spraying	  
technique	   to	   create	   a	   nano-­‐composite	   of	   hydroxyapatite	   (HA)	   and	   PLGA,	  mixing	   or	   co-­‐
projecting	  the	  two	  materials.	  
	  
2)	  Simulated	  Body	  Fluid	  Mineralization	  
	  
A	   promising	   way	   to	   promote	   periodontal	   tissues	   regeneration	   is	   to	   initiate	  
mineralization	   of	   the	   scaffold	   before	   implantation.	   In	   this	   section,	   we	   explored	   a	  
mineralization	  process	  with	  SBF	  solutions	  to	  build	  a	  calcium	  phosphate	  mineral	   layer	  on	  
the	  surface	  of	  PLGA	  fibers	  produced	  by	  electrospinning.	  
	  
a)	  Electrospinning	  parameters	  
	  
PLGA	  nanofibers	  were	  produced	  through	  electrospinning.	  The	  polymer,	  poly(lactic-­‐co-­‐
glycolic	   acid	   (PLGA)	   with	   a	   molar	   ratio	   of	   50:50	   (Mn	   30,000-­‐60,000;	   inherent	   viscosity	  
0.55-­‐0.75	   dL/g,	   Sigma-­‐Aldrich),	   was	   dissolved	   into	   dichloromethane	   (DCM)	   solution.	  
Concentration	  of	  PLGA	  into	  the	  solvent	  was	  0.33g/mL.	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The	   electrospinning	   device	   (figure	   7)	   contains	   a	   rotating	   mandrel	   situated	   in	   the	  
middle	  of	  two	  syringes.	   	  The	  mandrel	  collects	  the	  filaments	  simultaneously	  produced	  by	  
the	   two	   polymer	   reservoirs.	   A	   voltage	   difference	   of	   24V	   is	   applied	   between	   the	   two	  
electrodes	  (located	  at	  the	  syringes)	  with	  a	  polymer	  flow	  of	  6mL/h.	  The	  distance	  between	  
the	  target	  and	  the	  electrodes	  is	  10	  cm.	  	  	  
Electrospun	  nanofibers	  are	  then	  stored	  in	  Petri	  dish	  and	  put	  inside	  a	  desiccator	  in	  
order	  to	  prevent	  the	  degradation	  of	  the	  polymer	  before	  further	  characterization	  tests.	  
 
 
Figure	  7	  –	  Dual	  extrusion	  electrospinning	  with	  a	  rotating	  mandrel	  diagram.	  
	  
	  
Figure	   8	   represents	   one	   of	   the	   PLGA	   matrices	   fabricated	   under	   the	   previous	  
conditions	  at	  two	  different	  magnifications.	  Fibers	  diameter	  range	  is	  between	  600nm	  and	  
700nm.	  A	  global	  alignment	  of	  the	  PLGA	  fibers	  could	  be	  observed	  on	  the	  figures	  8-­‐A	  &	  B.	  
	  
Syringes 
Rotating mandrel 
Holders 
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Figure	  8	  -­‐	  Aligned	  nanofibers	  of	  PLGA	  produced	  by	  electrospinning	  (magnification	  A:	  x50	  
and	  B:	  x300/bare	  scales:	  500µm	  (A)/	  100µm	  (B))	  
b)	  SBF	  preparation	  
	  
We	  prepared	  two	  types	  of	  Simulated	  Body	  Fluids:	  a	  normal	  SBF	  solution	  (SBFx1)	  and	  a	  
5	  times	  more	  concentrated	  one	  (SBFx5).	  	  
Kokubo	   and	   al.	   (20)	   described	   carefully	   the	  main	   steps	   of	   SBF	   synthesis	   and	   some	  
crucial	   precautions.	   Indeed,	   because	   of	   the	   high	   proportion	   of	   salts	   that	   should	   be	  
completely	   dissolved,	   SBF	   is	   a	   very	   unstable	   solution.	   Table	   5	   lists	   the	   different	   salt	  
products	   and	   their	   quantity	   needed	   to	   prepare	   one	   liter	   of	   SBF	   solution.	   The	   solution	  
should	  remain	  till	   the	  end	  of	   the	  synthesis	  entirely	  transparent.	   	  Precipitation	  has	  to	  be	  
avoided	  during	  the	  synthesis	  to	  preserve	  properties	  similar	  to	  blood	  fluid.	  	  
Prepare	  a	  suitable	  SBF	  solution	  is	  difficult	  because	  many	  parameters	  are	  involved	  in	  its	  
stability	  such	  as	  pH,	  temperature,	  stirring,	  quality	  of	  the	  recipient	  (presence	  of	  scratch	  on	  
the	  beaker),	  etc.	  All	  these	  factors	  can	  initiate	  and	  induce	  a	  sudden	  salt	  precipitation	  in	  the	  
beaker.	  
A	  protocol	  in	  annex	  1	  describes	  the	  synthesis	  process	  that	  we	  performed	  to	  produce	  
SBF	  solutions.	   It	   follows	  the	  Kokubo’s	  protocol	  written	   in	  his	  paper	  (19)	   for	  the	  solution	  
SBFx1.	  
A B
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However,	   we	   had	   to	   adapt	   some	   parts	   for	   the	   more	   concentrated	   SBFx5.	   Kokubo	  
worked	  in	  his	  study	  cases	  only	  with	  low	  concentrated	  SBF	  solutions	  (SBFx1	  or	  1.5).	  
	  A	   low	  pH	  has	   to	  be	   reached	   (between	  1	  &	  2)	   in	  order	   to	  correctly	  dissolve	  calcium	  
chloride	   and	   sodium	   sulphate	   salts.	   After	   the	   complete	   dissolution	   of	   these	   two	  
components,	   the	   global	   pH	   of	   the	   solution	   must	   be	   slowly	   increased	   to	   7.4	   with	   the	  
buffering	  agent	  TRIS	  (tris(hydroxymethyl)aminomethane).	  During	  SBF	  x5	  solution	  synthesis,	  
we	   observed	   salt	   precipitation	   around	   a	   pH	   value	   of	   6.5.	   As	   this	   critical	   value	   was	  
overcome,	   the	   solution	   became	   blurred	   due	   to	   calcium	   phosphate	   or	   sodium	   chloride	  
precipitation.	  We	   finally	   obtained	   a	   transparent	   SBFx5	   solution	   by	   keeping	   the	   pH	   at	   a	  
value	  of	  6.4.	  
The	  prepared	  solutions	  were	  stored	  inside	  plastic	  containers	  and	  kept	  in	  a	  fridge	  at	  5-­‐
10°C.	  
	  
Table	  5	  	  –	  Order	  and	  amounts	  of	  reagents	  for	  preparing	  1000	  ml	  of	  SBFx1	  &	  SBFx5	  
Reagent	   Formula	   Amount	  
SBF	  x1	  
(g)	  
	  
SBF	  x5	  
(g)	  
(1)	  Sodium	  Chloride	   NaCl	   8.035	   40.175	  
(2)	  Sodium	  hydrogen	  carbonate	   NaHCO3	   0.355	   1.775	  
(3)	  Potassium	  chloride	   KCl	   0.225	   1.125	  
(4)	  Di-­‐potassium	  hydrogen	  phosphate	  
trihydrate	  
K2HPO4.3H2O	   0.231	   1.155	  
(5)	  Magnesium	  chloride	  hexahydrate	   MgCl2.6H2O	   0.311	   1.555	  
(7)	  calcium	  chloride	   CaCl2	   0.292	   1.46	  
(8)	  sodium	  sulfate	   Na2SO4	   0.072	   0.36	  
(9)	  Tris-­‐hydroxymethyl	  aminomethane	   ((HOCH2)3CNH2)(Tris)	   6.118	   30.59	  
	   	   mL	   	  
(6/10)	  1M	  (mol/l)	  Hydrochloric	  Acid	   1M-­‐HCl	   45	   225	  
Demineralized	  Water	   H2O	   700	   3500	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c)	  SBF	  immersion	  experiments	  
	  
Figure	  9	  summarizes	  the	  main	  steps	  of	  the	  SBF	  experiments.	  
	  
Figure	  9–	  Schematic	  of	  Simulated	  Body	  fluid	  experiment	  steps	  
	  
PLGA	  nanofibers	  fabricated	  by	  electrospinning	  (see	  electrospinning	  parameters)	  were	  
cut	   in	   small	   squared	   pieces	   of	   1cmx1cm.	   The	   new	   dimensioned	   samples	   were	   then	  
activated	  by	  NaOH	  solution	   (0.01M).	  With	  a	  paintbrush,	  a	  small	  amount	  of	  NaOH	   liquid	  
was	  spread	  on	  the	  surface	  of	  the	  matrices.	  In	  order	  to	  have	  a	  reproducible	  process,	  two	  
ways	  with	  the	  paintbrush	  were	  performed	  to	  deposit	  approximately	  the	  same	  volume	  of	  
liquid.	  After	  a	  specific	  time,	  samples	  were	  gently	  rinsed	  with	  deionized	  water	  twice.	  
	  
Mineralization	  Process
SBF
Characterizations
XRD	  or/&	  SEM
Ca2+
PO43-­‐
SBF
Electrospinning PLGA	  nanofibre Immersion	  into	  
SBF	  solution
Amorphous	  Calcium	  
phosphate
Hydroxyapatite	  
microcrystals
NaOH
NaOH activated	  
PLGA	  nanofibre
t1t3 t2
t1<t2<t3 Immersion	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NaOH	   activation	   on	   PLGA	   polymer	   allows	   to	   break	   chemical	   bonds	   of	   the	   PLGA	  
polymers	  chains,	  to	  produce	  two	  new	  active	  sites	  (-­‐COOH	  and	  -­‐OH).	  The	  hydrolysis	  of	  the	  
polymer	   liberates	   acid	   sites	   which	   in	   presence	   of	   NaOH	   (basic	   conditions)	   become	  
negatively	  charged	  (50)	  (see	  figure	  9).	  	  The	  aim	  of	  this	  step	  is	  to	  activate	  only	  the	  surface	  
of	  the	  nanofibrous	  matrices.	  The	  new	  negative	  charges	  present	  on	  the	  surface	  will	  attract	  
the	   positive	   ions,	   Calcium	   Ca2+	   and	   initiate	   the	   process	   of	   mineralization	   as	   shown	   in	  
figure	  10.	  	  
	  
	  
	  
Figure	  10	  Hydrolysis	  of	  PLGA	  polymer	  in	  basic	  solution	  (NaOH)+	  beginning	  of	  Ca2+mineral	  
deposition.	  
	  	  
After	   NaOH	   activation,	   samples	   were	   attached	   to	   the	   cap	   of	   a	   40mL	   container	   by	  
welding	   the	   four	   corners	   of	   the	   PLGA	   matrix	   to	   the	   plastic	   cap,	   see	   figure	   11.	   Plastic	  
container	   was	   closed	   and	   returned	   in	   order	   to	   immerse	   the	   PLGA	   sample	   with	   SBF	  
O
H
OH-­‐
H +
O
H
Ca2+
Ca2+
Ca2+
Ca2+
HO
NaOH activation	  
PLGA	  hydrolisis
First	  Ca2+ layer	  
deposition
PLGA	  nanofibers
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solution.	  This	   system	  allows	  a	  good	  stability	  of	   the	  sample	  at	   the	  bottom	  of	   the	  bottle,	  
which	  is	  hard	  to	  achieve	  because	  of	  the	  important	  hydrophobicity	  of	  PLGA.	  Samples	  were	  
inserted	  in	  an	  incubator	  at	  a	  temperature	  of	  37	  °C.	  
After	   specific	   times	   of	   immersion,	   PLGA	  matrices	  were	   pull	   out	   and	   rinsed	  with	  
deionized	   water.	   When	   the	   samples	   were	   completely	   dry,	   they	   were	   stored	   inside	   a	  
desiccator	  waiting	   for	   further	   characterizations.	   Times	   of	   immersions	  were	   selected	   by	  
comparison	  with	  the	  previous	  SBF	  mineralization	  studies	  described	  in	  the	  literature	  (see	  
table	   2).	   We	   settled	   on	   shorter	   times	   for	   SBFx5	   (from	   1	   to	   5	   days)	   because	   the	  
mineralization	  is	  supposed	  to	  be	  faster	  due	  to	  the	  high	  salt	  concentrations	  (table	  5).	  
	  
	  
Figure	  11–	  SBF	  immersion	  system	  of	  PLGA	  matrices	  
	  
Plastic	  cap
SBF
SBF
PLGA	  sample	  
(1cmx1cm)
Ca2+
PO43-­‐
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In	   order	   to	   find	   the	  more	   convenient	   and	   efficient	  method	   to	  mineralize	   the	   PLGA	  
fibers,	   we	   tested	   a	   panel	   of	   samples	   changing	   3	   variables:	   SBF	   immersion	   time,	  
concentration	   of	   the	   SBF	   solution	   (x1	   or	   x5)	   and	   activation	   time	   of	   the	   surface	   of	   the	  
sample	   by	   NaOH	   solution.	   Table	   6	   the	   schedule	   of	   the	   parameters	   tested	   during	   the	  
mineralization	  of	  the	  different	  samples.	  
	  
	  
Table	  6	  	  -­‐	  Mineralization	  by	  SBFx1	  and	  SBFx5	  samples	  
	   Immersion	  time	  in	  
SBF	  (days)	  
NaOH	  activation	  times	  
SBF	  x1	   SBF	  x5	  
0s	   30s	   1	  min	   5	  min	  
1	   1	  
5	   2	  
7	   5	  
14	   	  
21	   	  
	  
	  
	  2)	  Jet	  spraying	  of	  Hydroxyapatite	  nanoparticles	  &	  PLGA	  mixture	  
	  
a)	  Principle	  
	  
Figure	  12-­‐1	  summarizes	  the	  first	  Jet	  Spray	  technique	  employed	  to	  create	  polymer	  
fibers	  containing	  hydroxyapatite	  nanoparticles.	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Figure	  12–	  Mineralization	  processes-­‐	  1)	  Jet	  spraying	  with	  nHA	  and	  PLGA	  initial	  mixture	  
and	  2)	  Co	  Jet	  spraying	  nHA	  and	  PLGA	  separated	  blends	  
	  
A	  precise	  amount	  of	  PLGA	  (5O/5O	  lactic/glycolic)	  was	  dissolved	  in	  Chloroform	  (0.125g	  
of	   PLGA	   /	   1mL	   of	   solvent)	   to	   create	   the	   polymer	   solution.	   Then,	   hydroxyapatite	  
nanoparticles	   (nHA)	  were	   inserted	   to	   the	  previous	   PLGA	  polymer	   solution.	   The	  mixture	  
was	  stirred	  during	  10	  minutes	  at	  1000	  rpm	  in	  order	  to	  homogenise	  the	  solution.	  Then,	  the	  
blend	   was	   projected	   to	   the	   target	   grid	   to	   produce	   a	   nanocomposite	   of	   polymer	   and	  
hydroxyapatite.	   The	   goal	   was	   to	   incorporate	   calcium	   phosphate	   minerals	   inside	   and	  
around	  the	  PLGA	  fibers	  through	  this	  technique.	  
	  
1)	  Jet	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Nanoparticles	   of	   hydroxyapatite	   were	   purchased	   from	   Sigma.	   Their	   average	  
dimensions	  were	  200nm	  (BET	  measurement).	  These	  particles	  were	  chosen	  because	  their	  
size	  and	  composition	  correlate	  to	  the	  initial	  calcium	  phosphate	  precipitates	  in	  vivo.	  
	  
b)	  Experiments	  
	  
	  
We	   produced	   six	   PLGA	   matrices	   containing	   HA	   nanoparticles	   with	   this	   technique.	  
Table	  6$7	  lists	  the	  fabricated	  samples	  with	  their	  corresponding	  synthesis	  parameters.	  The	  
six	   first	  samples	  have	  a	  nHA	  content	  varying	  from	  5%	  to	  30%.	  The	  7th	  experiment	  has	  a	  
concentration	  too	  high	  (50%)	  to	  produce	  convenient	  PLGA	  fibers.	  
Parameters	   of	   the	   Jet	   spraying	  machine	   (opening	   needle/	   Nozzle	   distance/	   air	   flow	  
pressure	  and	  working	  distance)	  were	  selected	  thank	  to	  previous	  work	  of	  a	  Ph.	  D.	  student	  
that	  established	  appropriate	  parameters	  to	  produce	  PLGA	  matrices	  without	  difficulties.	  
	  Only	  the	  PLGA/nHA	  composition	  ratio	  is	  varying	  between	  the	  samples,	  except	  for	  the	  
6th	  sample	  where	  the	  nozzle	  opening	  was	  increased	  to	  accelerate	  the	  filament	  formation	  
and	  limit	  the	  formation	  of	  aggregates	  at	  the	  end	  of	  the	  needle.	  Synthesis	  time	  also	  varied	  
as	  a	  consequence	  of	   the	   insertion	  of	  nHA,	  because	  HA	  nanoparticles	  make	  the	  polymer	  
solution	  more	  viscous.	  
For	  the	  last	  sample	  7th,	  even	  by	  changing	  the	  parameters	  (nozzle	  opening	  and	  air	  flow	  
pressure),	   we	   were	   not	   able	   to	   extract	   PLGA	   filaments	   from	   the	   initial	   solution.	   We	  
concluded	   that	   the	   PLGA/nHA	   ratio	   should	   be	   inferior	   at	   0.5	   to	   have	   a	   reasonable	  
viscosity	  and	  not	  obstruct	  the	  device.	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Table	  7	  	  –	  Parameters	  of	  JS	  samples	  
JET	  SPRAYING	  Experiments	  
N°	  sample	   Content	   Opening	  
Needle	  
(mm)	  
Nozzle	  
distance	  
(mm)	  
Working	  
distance	  
(cm)	  
Air	  flow	  
pressure	  
(Bar)	  
Synthesis	  
time	  
1	   PLGA	   3.8	   2.5	   30	   6.5	   6	  min	  
2	   PLGA	  +	  5%	  
nHA	  
3.8	   2.5	   30	   6.5	   7	  min	  
3	   PLGA	  +	  
15%	  nHA	  
3.8	   2.5	   30	   6.5	   7	  min	  
4	   PLGA	  +	  
25%	  nHA	  
3.8	   2.5	   30	   6.5	   28	  min	  
5	   PLGA	  +	  
30%	  nHA	  
(a)	  
3.8	   2.5	   30	   6.5	   40	  min	  
6	   PLGA	  +	  
30%	  nHA	  
(b)	  
4.5	   2.5	   30	   6.5	   20	  min	  
7	   PLGA	  +	  
50%	  nHA	  
x	   x	   x	   x	   x	  
	  
3)	  Separated	  co-­‐projection	  of	  nHA	  and	  PLGA	  
	  
a)	  Principle	  
	  
Figure	   12-­‐2	   shows	   the	   Jet	   spraying	   method	   used	   to	   realize	   a	   co	   projection	   of	  
hydroxyapatite	   nanoparticles	   and	   PLGA	   polymer.	   The	   principle	   is	   to	   simultaneously	  
produce	  a	  PLGA	  fiber	  with	  a	  first	  spray	  gun	  (G1)	  and	  project	  nanoparticles	  with	  a	  second	  
spray	  gun	  (G2).	  
Nanoparticles	  are	   incorporated	   to	   the	  polymer	   fibers	  during	   their	   formation.	  As	   the	  
previous	  experiment,	  nHA	  should	  integrate	  the	  polymer	  and	  form	  a	  nano-­‐composite	  with	  
PLGA.	  We	  expected	  for	  this	  technique	  a	  deposition	  of	  the	  nanoparticles	  at	  the	  surface	  of	  
the	  PLGA	  fibers.	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b)	  Experiments	  
	  
Nanoparticles	   of	   Hydroxyapatite	   were	   first	   mixed	   with	   a	   common	   solvent:	   distilled	  
water	  (better	  homogeneity	  than	  with	  ethanol	  or	  chloroform).	  Water	  +	  nHA	  were	  stirred	  
at	   300	   rpm	   during	   10	   minutes	   and	   with	   ultrasonic	   waves	   and	   during	   5	   minutes.	  
Preliminary	  tests	  on	  a	  glass	  support	  were	  performed	  to	  adjust	  parameters	  of	  the	  second	  
spray	   gun.	   	   Glass	   samples	   were	   examined	   with	   a	   microscope.	   The	   Combination	   of	  
parameters	  offering	  the	  best	  repartition	  of	  nHA	  and	  with	  fewer	  defaults	  was	  selected.	  We	  
first	  adopted	  a	  pressure	  of	  10	  bars	  for	  G2	  with	  a	  nozzle	  opening	  of	  1.3	  mm.	  We	  kept	  the	  
same	  parameters	  to	  produce	  the	  PLGA	  fiber	  with	  the	  spray	  gun	  n°1.	  Then,	  we	  realized	  7	  
jet	  sprayed	  PLGA	  matrices	  varying	  the	  air	  flow	  (G2)	  (6.5	  or	  10	  bars)	  and	  the	  concentration	  
of	  the	  nHA	  inside	  the	  water	  (from	  1	  to	  2	  mg/mL).	  Parameters	  are	  listed	  in	  table	  8	  for	  the	  
two	  guns.	  
We	  first	  started	  on	  the	  production	  of	  PLGA	  nanofibers	  for	  several	  minutes	  to	  produce	  
a	   non-­‐mineralized	   scaffold	   (t1).	   Then	   we	   projected	   nanoparticles	   with	   the	   gun	   n°2	  
without	  turning	  off	  the	  first	  gun	  during	  10	  minutes	  (t2).	  Thus	  we	  obtain	  a	  composite	  layer	  
of	   PLGA	   without	   nHA	   particles	   and	   PLGA	   fiber	   with.	   The	   bottom	   layer	   of	   PLGA	   was	  
created	  in	  order	  to	  consolidate	  the	  fiber	  and	  facilitate	  its	  removal	  from	  the	  grid.	  We	  will	  
analyse	  only	  the	  top	  layer	  later	  to	  characterize	  the	  composite.	  	  
Table	  8	  listed	  the	  6	  samples	  with	  their	  respective	  parameters.	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Table	  8	  	  -­‐	  Set	  of	  parameters	  for	  Co	  Jet	  spraying	  of	  PLGA	  and	  nHA	  
Co	  Jet	  spraying	  Gun	  
N°	  sample	   Content	   Needle	  
distanc
e	  (mm)	  
Nozzle	  
openin
g	  (mm)	  
Air	  flow	  
pressur
e	  
PLGA/nHA	  
concentratio
n	  
Synthesi
s	  time	  
(t1/t2)	  
Working	  
distance	  
(d1/d2)	  
1	   G1	   PLGA	  +	  
chlorofo
rm	  
3.6	   2.85	   6.5	  bar	   0.1	  g/mL	   10	  min	   30	  cm	  
G2	   nHA	  +	  
water	  
/	   1.	  3	   10	  bar	   1.85	  mg/mL	   10	  min	   38	  cm	  
2	   G1	   PLGA	  +	  
chlorofo
rm	  
3.6	   2.85	   6.5	  bar	   0.1	  g/mL	   27	  min	   30	  cm	  
G2	   nHA	  +	  
water	  
/	   1.3	   10	  bar	   1	  mg/mL	   10	  min	   38	  cm	  
3	   G1	   PLGA	  +	  
chlorofo
rm	  
3.6	   2.85	   6.5	  bar	   0.1	  g/mL	   4	  min	   30	  cm	  
G2	   nHA	  +	  
water	  
/	   1.	  29	   10	  bar	   1	  mg/mL	   11	  min	   38	  cm	  
4	   G1	   PLGA	  +	  
chlorofo
rm	  
3.6	   2.85	   6.5	  bar	   0.1	  g/mL	   5	  min	   30	  cm	  
G2	   nHA	  +	  
water	  
/	   1.39	   10	  bar	   1	  mg/mL	   7	  min	   38	  cm	  
5	   G1	   PLGA	  +	  
chlorofo
rm	  
3.6	   2.85	   6.5	  bar	   0.1g/mL	   4	  min	   30cm	  
G2	   nHA	  +	  
water	  
/	   1.35	   6.5	  bar	   1	  mg/mL	   8	  min	   38	  cm	  
6	   G1	   PLGA	  +	  
chlorofo
rm	  
3.6	   2.85	   6.5	  bar	   0.1g/mL	   4	  min	   30cm	  
G2	   nHA	  +	  
water	  
/	   1.45	   6.5	  bar	   2	  mg/mL	   12	  min	   38	  cm	  
	  
The	  second	  gun	  has	  a	  working	  distance	  larger	  because	  of	  its	  location	  (see	  figure	  12-­‐1).	  
We	   have	   to	   adjust	   carefully	   the	   direction	   of	   the	   second	   air	   flow	   to	   project	   nHA	   at	   the	  
adequate	  spot,	  where	  the	  PLGA	  nanofibers	  are	  collected.	  A	  non-­‐alignment	  of	  the	  two	  air	  
flows	  could	  induce	  a	  poor	  repartition	  of	  the	  nanoparticles	  on	  the	  sample.	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4)	  Characterization	  methods	  
	  
Samples	  were	  characterized	  by	  two	  main	  techniques:	  X-­‐ray	  diffraction	  and	  Scanning	  
Electron	  Microscopy.	   Additional	   tests	   were	   performed	   on	   PLGA	   nanofibers	   in	   order	   to	  
characterize	  their	  degradation.	  
a)	  X-­‐Ray	  Diffraction	  
	  
X-­‐ray	  diffraction	  is	  versatile,	  non-­‐destructive	  analytical	  technique	  for	  identification	  
and	  quantitative	  determination	  of	  the	  various	  crystalline	  forms	  of	  compounds	  present	  in	  
powdered	   or	   solid	   samples.	   It	   is	   based	   on	   the	   diffraction	   of	   an	   incident	   beam	   that	  
interferes	  with	  atomic	  planes	  of	  a	  crystal.	  As	  the	  Bragg’s	  law	  explained,	  an	  X-­‐ray	  beam	  will	  
diffract	  at	   some	  specific	  angles	  characteristic	  of	   the	  periodicity	  and	   the	  arrangement	  of	  
the	  crystal.	  
	  
	  
	  
Figure	  13–	  Bragg’s	  law	  (51)	  
	  
PLGA	   samples	   were	   analysed	   by	   X-­‐ray	   diffraction.	   As	   PLGA	   is	   an	   amorphous	  
polymer,	  X-­‐rays	  will	  not	  be	  diffracted	  by	  the	  polymer.	  Only	  a	  small	  signal	  will	  be	  collected	  
deforming	   softly	   the	  base	   line	  of	   the	   spectra.	   If	   others	   crystals	   are	  present,	   as	   Calcium	  
phosphate	   precipitates	   or	   hydroxyapatite	   particles,	   x-­‐rays	   should	   be	   diffracted	   and	  
characterized	  peaks	  will	  appear	  at	  specific	  angles.	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We	   scanned	   the	   samples	   with	   X-­‐ray	   angles	   selected	   from	   20	   to	   40°	   (X-­‐ray	  
generator/	  tension=	  45kV/Current=30mA).	  
There	  was	  no	  specific	  samples	  preparation	  to	  perform	  this	  technique.	  PLGA	  fibers	  
were	  more	  or	  less	  flat	  (except	  for	  SBF	  samples),	  the	  only	  requirement	  for	  good	  diffraction	  
measurement.	  If	  the	  sample	  presents	  some	  relief,	  it	  could	  slightly	  shift	  diffraction	  angles	  
and	  widen	  the	  peaks.	  
b)	  Scanning	  electron	  microscopy	  
	  
The	   electron	   microscopy	   technique	   uses	   an	   electron	   beam	   that	   bombards	   the	  
sample	   in	  order	  to	   induce	   interactions	  with	  the	  matter.	  Electrons	  will	   interfere	  with	  the	  
sample	   and	   produce	   several	   types	   of	   signals	   such	   as	   secondary	   electrons	   (SE),	  
backscattered	  electrons	  (BSC)	  and	  X-­‐rays.	  With	  electron	  signals,	  contrasted	  images	  could	  
be	  obtained	  showing	  the	  morphology	  of	  the	  fibers.	  Phase	  identification	  is	  available	  thanks	  
to	  the	  contrast	  (heavier	  element	  will	  appear	   in	  white).	  Magnifications	  of	  the	   images	  are	  
ranging	  from	  x300	  to	  x25000	  for	  the	  more	  precise	  images.	  
A	   complementary	   technique,	   Energy	   dispersive	   X-­‐ray	   spectroscopy,	   allows	   by	  
collecting	  the	  x-­‐ray	  signals	  emitted	  by	  the	  matter	  to	  identify	  elements	  present	  inside	  the	  
sample.	  
In	   order	   to	   have	   a	   good	   contrast,	   SEM	   samples	   should	   be	   conductive.	   Before	  
introducing	  to	  the	  SEM	  working	  chamber,	  a	  very	  thin	  film	  of	  carbon	  was	  deposited	  on	  the	  
PLGA	   membrane.	   This	   step	   called	   metallization	   allows	   a	   free	   interaction	   between	  
electrons	  and	  the	  matter.	  
PLGA	  nanofiber	  is	  a	  sensitive	  material.	  If	  the	  electron	  beam	  intensity	  is	  too	  strong,	  
PLGA	   film	  could	  be	  damaged.	  SEM	  parameters	  such	  as	  gun	  voltage,	  aperture	  diameters	  
and	  magnification	  should	  be	  correctly	  adjusted	  to	  not	  burn	  the	  polymer.	  This	  degradation	  
phenomenon	   could	   sometimes	   limit	   structural	   observations	   at	   high	   magnification	   (>	  
x3000).	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c)	  Degradation	  assays	  
	  
	  Degradation	  experiments	  were	  performed	  on	  jet	  sprayed	  PLGA	  samples	  in	  order	  to	  
quantify	  the	  morphology	  evolution	  of	  the	  matrices	  inside	  an	  aqueous	  solution.	  We	  know	  
that	   the	   PLGA	   nanofibers	   structures	   greatly	   vary	   (high	   shrinkage	   of	   the	   samples)	  when	  
they	   are	   immersed	   inside	   SBF	   solutions.	   Samples	   of	   1cm*1cm	   were	   soaked	   inside	   a	  
physiological	   solution	  of	   PBS	   (Phosphate	  Buffered	   Saline)	   during	   21	  days	   at	   37°C.	   PLGA	  
pieces	  were	  measured	  before	  and	  after	  their	  immersion.	  PLGA	  in	  presence	  of	  water	  and	  
oxygen	  is	  subjected	  to	  hydrolysis	  process;	  the	  structural	  quality	  of	  the	  matrices	  is	  rapidly	  
damaged.	   PLGA	   sample	   sizes	   were	   significantly	   reduced	   making	   the	   dimension	  
measurement	   difficult.	   All	   the	   values	   listed	   in	   the	   characterization	   results	   are	  
approximate	  but	  it	  demonstrates	  well	  the	  degradation	  shrinkage	  of	  the	  PLGA	  fibers.	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We	  first	  characterized	  our	  samples	  with	  X-­‐Ray	  Diffraction	  (XRD)	  technique	  to	  detect	  
the	  presence	  of	  mineral	   phases	   (calcium	  phosphate)	   on	  PLGA	  matrices.	   Because	  of	   the	  
relative	   availability	   of	   the	   XRD	   device	   and	   the	   rapid	   analysis	   of	   one	   sample	   (no	   special	  
preparation	   needed	   as	   SEM	   technique),	   this	   method	   was	   used	   in	   first	   instance.	   Then,	  
where	  XRD	  indicates	  some	  crystallinity,	  the	  morphologies	  of	  the	  fibers	  and	  the	  deposited	  
minerals	   of	   the	   sample	   were	   analysed	   through	   Scanning	   Electron	   Microscopy	   (SEM).	  
Energy	   Dispersive	   X-­‐ray	   Spectroscopy	   (EDX),	   available	   with	   SEM,	   provides	   the	   exact	  
composition	  of	  the	  minerals	  on/in	  the	  PLGA	  fibers.	  
1)	  X-­‐Ray	  Diffraction	  
	  
a)	  Simulated	  Body	  Fluid	  x1	  
	  
Figure	  14	  represents	  the	  XRD	  patterns	  of	  all	  the	  20	  samples	  mineralized	  by	  SBFx1	  
solutions	  with	  different	  immersion	  times:	  1,	  5,	  7,	  14	  &	  21	  days	  (A,	  B,C,	  D	  &	  E)	  and	  NaOH	  
activation:	  0s,	  30s,	  1min	  and	  5min	  (a,	  b,	  c	  	  and	  d).	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We	  may	  observe	  diffracted	  peaks	  for	  some	  samples:	  	  
-­‐	  One	  day,	  0s	  (A-­‐a)	  
-­‐	  one	  day,	  1	  min	  (A-­‐c)	  
-­‐	  7	  days,	  1	  min	  (C-­‐c)	  
-­‐	  21	  days,	  0s,	  30s,	  1	  in	  and	  5	  min	  (E-­‐a,b,c).	  	  
	  
	  
Figure	  14	  -­‐	  XRD	  graphics	  of	  PLGA	  samples	  soaking	  during	  1,	  5,	  7,	  14	  &	  21	  days	  
(respectively	  A,	  B,	  C,	  D	  &	  E)	  with	  different	  NaOH	  activation:	  0s,	  30s,	  1	  min	  &	  5	  min	  (a,b,c	  &	  
d).	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F:	  Comparison	  of	  3	  spectra	  where	  a	  diffracted	  peak	  appears	  (a:	  1day/0s,	  b:	  1day/1min,	  c:	  
7days/1min	  and	  d:	  	  with	  HA	  NPs	  diffraction	  pattern).	  
	  
On	   these	   samples,	   one	   main	   peak	   appears	   at	   2theta	   =	   32°.	   On	   Figure	   14-­‐F,	   3	  
samples	   where	   the	   diffracted	   peak	   appears	   (i.e.	   SBFX1-­‐1	   day-­‐0s/	   SBFX1-­‐1	   day-­‐1min/	  
SBFX1-­‐5	   day-­‐1min)	   were	   plotted	   with	   a	   diffracted	   pattern	   of	   hydroxyapatite	  
nanoparticles.	  This	  control	  provides	  an	  efficient	  model	  to	  compare	  the	  deposited	  mineral	  
structure	  to	  pure	  hydroxyapatite.	  
PLGA	  matrices	  after	  21	  days	  of	  immersions	  were	  damaged	  by	  the	  SBF	  solution	  and	  
the	  structural	  properties	  of	  the	  polymer	  were	  completely	  changed.	  As	  a	  result,	  it	  was	  not	  
possible	  to	  remove	  the	  samples	  from	  the	  plastic	  cap	  without	  breakage.	  We	  were	  able	  to	  
make	  XRD	  measurements	  with	  the	  remaining	  powder	  of	  the	  matrix.	  
	  
	  
b)	  Simulated	  Body	  Fluid	  x5	  
	  
Figure	  15	  shows	  the	  XRD	  patterns	  of	  SBFx5	  mineralized	  samples	  with	   immersion	  
times	  of	  1,	  2,	  3.5	  and	  5	  days	  (A,	  B,	  C	  &	  D).	  The	  two	  first	  experiments	  with	  short	  immersion	  
times	  (1	  and	  2	  days)	  do	  not	  present	  well	  defined	  diffracted	  peaks.	  However,	  the	  samples	  
immersed	  for	  3.5	  and	  5	  days	  show	  diffracted	  beams	  around	  32°	  and	  27°	  (figure	  12-­‐C	  and	  
D).	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Figure	  15	  –	  XRD	  graphics	  of	  PLGA	  samples	  soaking	  during	  1,	  2,	  3.5	  &	  5	  days	  (respectively	  
A,	  B,	  C	  &	  D)	  with	  different	  NaOH	  activation:	  0s,	  30s,	  1	  min	  &	  5	  min	  (a,b,c	  &	  d).	  
D-­‐e:	  Hydroxyapatite	  nanoparticles	  diffraction	  pattern.	  
	  
	   A	  visible	  layer	  of	  minerals	  was	  deposited	  with	  an	  immersion	  time	  of	  5	  days.	  
Residual	   deposited	   crystals	   were	   collected	   from	   the	   plastic	   cap	   (besides	   the	   PLGA	  
samples.	  A	  sufficient	  quantity	  of	  these	  minerals	  (white	  powder)	  was	  extracted	  to	  make	  a	  
XRD	   analysis	   of	   the	   mineral.	   Figure	   16	   shows	   the	   diffraction	   pattern	   of	   the	   deposited	  
crystals.	  Clear	  diffracted	  peaks	  appear	  and	  confirm	  the	  presence	  of	  Halite	  (NaCl	  salt)	  and	  
hydroxyapatite.	  
A/	  1	  day B/	  2	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Figure	  16	  	  –	  XRD	  patterns	  of	  SBFx5	  (5	  days)	  deposited	  minerals	  (powder)	  	  
showing	  Halite	  and	  hydroxyapatite	  diffracted	  peaks	  
	  
All	   the	   SBF	   samples	   were	   characterized	   by	   XRD.	   Because	   they	   either	   do	   not	  
present	  XRD	  peaks	  (SBFx1,	  5	  days)	  or	  because	  the	  matrices	  were	  too	  degraded	  for	  others	  
characterization	   (SBFx1-­‐21	  days),	  only	   the	  most	   suitable	   samples	  were	  characterized	  by	  
others	   techniques	   to	  obtain	  more	  details	  on	  morphology	  and	  composition	  of	  deposited	  
minerals.	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c)	  Jet	  Spray	  
	  
Figure	  17	  shows	  the	  XRD	  graphics	  of	  jet	  sprayed	  matrices	  with	  an	  initial	  blend	  of	  
PLGA	  and	  X%	  of	  hydroxyapatite	  nanoparticles.	  X	  value	  represents	   the	  percentage	  of	  HA	  
nanoparticles	   incorporated	   inside	   the	  mixture.	   Comparing	   the	  patterns	  with	   that	   of	  HA	  
particles	   (figure	   17-­‐f),	   diffracted	   peaks	   (2theta=26°,	   31.8°,	   32°,	   33°	   &	   34°)	   appear	   for	  
samples	  containing	  more	   than	  15%	  of	  nHA.	   	  We	  can	  observe	  an	  evolution	  of	   the	  peaks	  
from	   15%	   to	   30%.	   Peaks	   are	   better	   defined	   with	   a	   higher	   intensity	   for	   those	   latter	  
samples.	  
	  
	  
	  
Figure	  17-­‐	  XRD	  patterns	  of	  JS	  PLGA	  matrices	  (PLGA+	  X%	  nHA	  blend):	  0%,	  5%,	  15%,	  25%,	  
30%a	  &	  30%b	  (a,b,c,d,	  e,	  &	  f)	  
f:	  Hydroxyapatite	  nanoparticles	  diffraction	  pattern	  
30%a	  and	  30%b	  samples	  differ	  from	  the	  synthesis	  parameters	  (larger	  opening	  needle	  for	  
30%b	  (see	  table	  6))	  
a
b
c
d
e
f
g
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Observation:	  
During	  PLGA	  synthesis,	  some	  polymer	  mixture	  could	  accumulate	  at	  the	  end	  of	  the	  
needle	   and	   form	   an	   aggregate.	   This	   kind	   of	   defects	   could	   be	   observed	   on	   some	   PLGA	  
fibers	  produced	  by	  Jet	  spraying.	  	  
We	  could	  also	  observe	  that	  the	  synthesis	  time	  is	  depending	  on	  the	  proportion	  of	  
nHA	   inside	   the	   initial	  blend.	  Time	  production	   increases	  with	   the	  nHA	  concentration,	   i.e.	  
viscosity	  if	  the	  polymer.	  That	  could	  be	  easily	  explained	  by	  the	  higher	  force	  needed	  to	  form	  
filament	  by	  Venturi	  effect.	  	  
PLGA	  matrices	  were	   removed	   from	   their	   grid	   at	   the	   end	   of	   the	   experiment	   and	  
stored	  in	  a	  desiccator.	  Note	  that	  the	  PLGA	  fiber	  mat,	  depending	  on	  its	  thickness,	  is	  fragile	  
and	  it	  could	  be	  sometimes	  difficult	  to	  take	  out	  from	  the	  grid	  an	  intact	  mat.	  	  
Nanoparticles	   inside	   the	  polymer	   solution	   tend	   to	  drop	  off	  at	   the	  bottom	  of	   the	  
beaker	  when	  we	  stopped	  stirring.	   	  Even	   if	   the	   time	  of	   sedimentation	   is	  higher	   than	   the	  
synthesis	  time	  of	  PLGA	  membrane,	  we	  may	  have	  a	  gradient	  of	  nHa	  concentration	  inside	  
the	  initial	  polymer	  solution.	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d)	  Co	  Jet	  spraying	  
	  
Figure	  18	   shows	   the	  PLGA	  nanofibers	  produced	  by	  Co	   Jet	   spraying.	  None	  of	   the	  
samples	  present	  clear	  diffracted	  peaks	  that	  could	  be	  related	  to	  a	  mineral	  phase.	  	  
	  
	  
	  
Figure	  18	  	  -­‐	  XRD	  patterns	  of	  Co	  Jet	  Sprayed	  PLGA	  matrices	  (PLGA/Dichloromethane	  +	  
nHA/water	  separated	  blends).	  
a:	  Sample	  n°1	  (t1=	  10min/t2=	  10min)	  
b:	  Sample	  n°2	  (t1=	  27min/t2=	  10min)	  
c:	  Sample	  n°3	  (t1=	  4min/t2=	  11min)	  
d:	  Sample	  n°4	  (t1=	  5min/t2=	  7min)	  
e:	  Sample	  n°5	  (t1=	  4min/t2=	  12min)	  
f:	  Sample	  n°6	  (t1=	  4min/t2=	  12min)	  
g:	  Hydroxyapatite	  nanoparticles	  diffraction	  pattern	  
	  
	  
	  
a
b
c
d
e
f
g
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Observation:	  
Nanoparticles	   in	   the	   water	   solution	   were	   aggregated	   at	   the	   bottom	   of	   the	  
reservoir	  during	   the	   fiber	   synthesis.	   This	  problem	  of	   sedimentation	   is	   larger	  with	  water	  
than	  the	  case	  of	  a	  mixture	  with	  PLGA	  solution.	  
	  
	  
2)	  Scanning	  Electron	  Microscopy	  (SEM)	  analysis	  
	  
	  
Electron	  microscopy	   is	   a	   powerful	   tool	   to	   observe	  morphologies	   and	   to	   identify	  
different	  phases	  within	  small	  samples.	  We	  will	  determine	  in	  our	  case	  the	  microstructures	  
of	  the	  deposited	  minerals	  previously	  detected	  by	  XRD	  technique.	  
a)	  Simulated	  Body	  Fluid	  x1	  
	  
Three	   electrospun	   samples,	   treated	   in	   SBFx1	   solutions,	   which	   XRD	   peaks	   were	  
detected	  previously	  were	  characterized	  by	  SEM	  technique:	  
-­‐	  SBFX1_1	  day_0S	  (A)	  	  
-­‐	  SBFx1_1	  day_1min	  (B)	  	  
-­‐	  SBFx1_7days_1min	  (C)	  
	  SEM	   images	   at	   a	   magnification	   of	   x300	   (Figures	   18-­‐A,	   B,	   C	   and	   D)	   show	   the	  
morphology	  of	  the	  electrospun	  fibers	  before	  and	  after	  SBF	  treatment.	  We	  could	  observe	  a	  
relative	   alignment	   of	   the	   fibers	   on	   pictures	   B	   &	   C.	   However,	   on	   figure	   19-­‐D,	   PLGA	  
nanofibres	   are	   more	   randomly	   positioned	   and	   seem	   entangled	   or	   laterally	   bonded.	  
Besides	  that	  the	  fibers	  have	  higher	  average	  diameters.	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Mineral	  structures	  could	  be	  observed	  on	  figures	  19-­‐B’,	  19-­‐C’	  &	  19-­‐D’	  at	  a	  higher	  
magnification	   (x1000).	   Crystals	   are	   present	   in	   small	   quantity	   and	   they	   are	   randomly	  
distributed.	  
	  
	  
	  
Figure	  19	  	  –	  SEM	  images	  showing	  the	  morphology	  of	  electrospun	  PLGA	  nanofibres	  after	  
being	  exposed	  to	  different	  conditions:	  	  
A	  &	  A’	  –	  Electrospun	  PLGA	  nanofibres	  without	  SBF	  treatment	  (x300	  &	  x1000)B	  &	  B’-­‐	  SBF	  
x1/0s	  of	  NaOH	  activation/SBF	  soaking	  during	  1	  day	  (x300	  &	  x1000)	  	  
C	  	  &	  C’-­‐	  SBFx1/	  1min	  of	  NaOH	  activation/	  SBF	  soaking	  during	  1	  day	  (x300	  &	  x1000)	  
D	  &	  D’	  -­‐	  SBFx1/1min	  of	  NaOH	  activation/	  SBF	  soaking	  during	  7days	  (x300	  &	  x1000).	  	  	  	  	  	  
Scale	  lines:	  50	  µm	  in	  A,B,	  C	  and	  D	  	  &	  20µm	  in	  A´,	  B’,	  C´	  and	  D’.	  	  
	  
Figure	  20	  shows	  EDX	  graphics	  corresponding	  to	  the	  mineral	  phases	  present	  at	  the	  
fiber	  surface.	  Electron	  beam	  was	  focused	  on	  these	  crystals	  (arrows).	  Sodium	  (Na),	  Chorine	  
(Cl),	  Carbon	  (C)	  and	  Oxygen	  (O)	  are	  the	  main	  components	  detected	  by	  EDX.	  C	  and	  O	  come	  
from	  the	  PLGA	  polymer	  matrix	  that	  contains	  carbonated	  chains.	  The	  two	  others	  elements	  
(Na	  and	  Cl)	  may	  come	  from	  an	  exterior	  deposition.	  The	  presence	  of	  Na	  and	  Cl	  in	  a	  quite	  
important	  proportion	  suggests	  the	  precipitation	  of	  common	  Sodium	  chloride	  salt	  on	  the	  
x300
x1000
A B C
A’ B’ C’
D
D’
No	  NaOH	  activation	  
soaking:	  1	  day	  	  
NaOH	  activation:	  1min	  
soaking:	  1	  day	  	  
NaOH	  activation:	  1min	  
soaking:	  7	  days	  	  
Without	  SBF	  
treatment	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polymer	  surface.	  We	  could	  notice	  in	  the	  EDX	  graphic	  B’	  the	  presence	  of	  Calcium	  (Ca)	  and	  
phosphorus	   (P)	   peaks	   which	   are	   practically	   undetected	   in	   figure	   A’	   and	   C’,	   possible	  
consequence	  of	  a	  dissolution/recrystallization	  processes.	  
	  
	  
	  
	  
	  
Figure	  20	  –	  SEM	  pictures	  of	  electrospun	  PLGA	  nanofibres	  after	  being	  exposed	  to	  different	  
conditions	  and	  their	  respective	  EDX	  graphics	  probing	  the	  locally	  deposited	  crystals	  
(arrows).	  	  
A:	  SBF	  x1/0s	  of	  NaOH	  activation/	  SBF	  soaking	  during	  1	  day	  
B:	  SBFx1/	  1min	  of	  NaOH	  activation/	  SBF	  soaking	  during	  1	  day	  
C:	  SBFx1/1min	  of	  NaOH	  activation/	  SBF	  soaking	  during	  7days	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Magnification:	  x3000;	  scale	  line:	  5	  µm.	  
	  
	  
A B C
A’ B’ C’Cl
Na
O
ClC
CaP
Na
Cl
Na
C	  
O
No	  NaOH	  activation	  
soaking:	  1	  day	  	  
NaOH	  activation:	  1min	  
soaking:	  1	  day	  	  
NaOH	  activation:	  1min	  
soaking:	  7	  days	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  b)	  Simulated	  Body	  Fluid	  x5	  	  
Electrospun	  samples	  were	  characterized	  by	  SEM	  technique	  after	  undergoing	  SBFx5	  
soaking	  in	  the	  following	  conditions:	  
-­‐ A:	  SBF	  x5/5	  min	  of	  NaOH	  activation/	  SBF	  soaking	  during	  1	  day	  
-­‐ B:	  SBFx5/	  5min	  of	  NaOH	  activation/	  SBF	  soaking	  during	  2	  days	  
-­‐ C:SBFx5/No	  NaOH	  activation/	  SBF	  soaking	  during	  3.5	  days	  
-­‐ D:	  SBFx5/5min	  of	  NaOH	  activation/	  SBF	  soaking	  during	  3.5	  days	  
-­‐ E:	  SBFx5/No	  NaOH	  activation/	  SBF	  soaking	  during	  5	  days	  
-­‐ F:	  SBFx5/5min	  of	  NaOH	  activation/	  SBF	  soaking	  during	  5	  days	  
Figure	  21	  shows	  the	  morphologies	  of	  electrospun	  PLGA	  nanofibres	  exposed	  to	  SBFx5	  
at	  a	  magnification	  of	  x300	  and	  x1000.	  
A	   very	   small	   amount	  of	  minerals	   is	   deposited	  on	   the	   fibers	   surface	   for	   the	   samples	  
soaked	   during	   1	   and	   2	   days	   in	   SBFx5	   (A	   &	   B).	   Minerals	   could	   be	   only	   observed	   at	   a	  
magnification	  of	  x1000.	  Bigger	  deposited	  minerals	  in	  white	  were	  found	  on	  the	  figures	  21-­‐
C	  and	  D	  (3.5	  days	  of	  immersion).	  Samples	  E	  and	  F	  soaked	  during	  5	  days	  present	  a	  uniform	  
layer	  of	  minerals	  (figure	  21-­‐E	  &	  F).	  	  
SEM	   images	  at	  higher	  magnification	   (x3000)	   (figures	  22-­‐A,	  B,	  C,	  D,	  E	  &	  F)	   allow	   the	  
analysis	  of	  the	  mineral	  phase.	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Figure	  21	  –	  SEM	  images	  showing	  the	  morphology	  of	  electrospun	  PLGA	  nanofibres	  after	  
being	  exposed	  to	  different	  conditions:	  
A	  &	  A’-­‐	  SBF	  x5/5	  min	  of	  NaOH	  activation/1	  day	  (x300	  &	  x1000)	  
B	  &	  B’-­‐SBFx5/	  5min	  of	  NaOH	  activation/2	  days	  (x300	  &	  x1000)	  
C	  &	  C’	  -­‐	  SBFx5/No	  NaOH	  activation/3.5	  days	  (x300	  &	  x1000)	  
D	  &	  D’-­‐	  SBFx5/5min	  of	  NaOH	  activation/3.5	  days	  (x300	  &	  x1000)	  
E	  &	  E’-­‐	  SBFx5/No	  NaOH	  activation/5	  days	  (x300	  &	  x1000)	  
x300
x1000
x300
x1000
A B C
A’ B’ C’
E
J
x300
x1000
D E F
D’ E’ F’
NaOH	  activation:	  5min	  
soaking:	  1day	  	  
NaOH	  activation:	  5min	  
soaking:	  2days	  	  
No	  NaOH	  activation	  
soaking:	  3.5days	  	  
NaOH	  activation:	  5min	  
soaking:	  3.5days	  	  
No	  NaOH	  activation	  
soaking:	  5days	  	  
NaOH	  activation:	  5min	  
soaking:	  5days	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F	  &	  F’-­‐	  SBFx5/5min	  of	  NaOH	  activation/5	  days	  (x300	  &	  x1000)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Scale	  lines:	  100µm	  for	  x300	  	  &	  50	  µm	  for	  x1000	  
Scale	  lines:	  50µm	  (A,	  B,	  C,	  D,	  E,	  F	  &	  G);	  100µm	  (A’,	  B’,	  C’,	  D’,	  E’,	  F’	  &	  G’)	  
	  
	  
For	  the	  samples	  with	  an	  immersion	  time	  smaller	  than	  5	  days,	  EDX	  spectra	  proved	  the	  
presence	   of	   several	   elements	   such	   as	   Sodium	   Na,	   Calcium	   Ca,	   Chlorine	   Cl	   and	   even	  
Magnesium	  Mg.	   We	   can	   say	   that	   there	   are	   some	   minerals	   depositions	   including	   NaCl	  
(figure	  22-­‐C’)	  and	  maybe	  some	  Calcium	  minerals	  did	  take	  place	  (figure	  22-­‐D’).	  	  
However,	   crystals	   formed	   on	   PLGA	   matrices	   immersed	   during	   5	   days	   inside	   SBFx5	  
solution	  clearly	  contains	  Calcium	  and	  Phosphorus	  elements	  (EDX	  graphs	  on	  figures	  22-­‐	  E’	  
and	  -­‐	  F’)	  in	  addition	  to	  Carbon	  and	  Hydrogen	  (detected	  because	  of	  PLGA	  presence).	  This	  
analysis	  confirms	  the	  formation	  of	  calcium	  phosphate	  crystals	  on	  the	  PLGA	  fibers	  for	  the	  
samples	  E	  and	  F.	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Figure	  22–	  SEM	  pictures	  of	  electrospun	  PLGA	  nanofibres	  after	  being	  exposed	  to	  different	  
conditions	  and	  their	  respective	  EDX	  graphics	  probing	  the	  deposited	  crystals	  (arrows).	  Scale	  
line	  (10µm)	  
A:	  SBF	  x5/5min	  of	  NaOH	  activation/1	  day	  
B:	  SBFx5/	  5min	  of	  NaOH	  activation/2	  days	  
C	  :	  SBFx5/No	  NaOH	  activation/3.5	  days	  
D:	  SBFx5/5min	  of	  NaOH	  activation/3.5	  days	  
A’ B’ C’
D’ E’ F’
A B C
DD E F
Cl Ca
Na
O
C C
O
Mg
Ca
Cl
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Ca
O
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E:	  SBFx5/No	  NaOH	  activation/5	  days	  
F:	  SBFx5/5min	  of	  NaOH	  activation/5	  days	  
	  
	  
SEM	  images	  with	  a	  higher	  magnification	  (x25	  000)	  were	  obtained	  on	  the	  samples	  
SBFx5	  with	  5	  days	  of	  immersion.	  Figure	  23	  shows	  the	  characteristic	  structures	  of	  the	  
deposited	  minerals.	  Small	  spheres	  were	  formed	  with	  diameters	  between	  2	  and	  5	  µm	  and	  
they	  present	  sharp	  extremities	  on	  their	  surfaces.	  
	   	  
	  
Figure	  23–	  SEM	  images	  (x25	  000)	  of	  SBFx5_5	  days	  immersion	  without	  (A)	  and	  with	  NaOH	  
activation	  (5min)	  (B)	  –	  Scale	  line	  (2	  µm)	  
	  
	  
c)	  Jet	  spraying	  (PLGA+nHA	  initial	  blend)	  
	  
Figure	   24	   reveals	   the	   SEM	   images	   of	   the	   PLGA	   matrices	   produced	   by	   the	   Jet	  
spraying	  technique	  (initial	  mixture	  of	  nHA	  +	  PLGA).	  The	  magnification	  of	  x300	  allows	  us	  to	  
A B
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visualize	   the	   fibers	  morphology.	  All	   samples	  present	  a	  complex	  and	  disordered	  polymer	  
fibers	  network	  with	  some	  defects	  (beads).	  The	  density	  and	  the	  disorder	  of	  the	  fibers	  seem	  
to	  be	  larger	  when	  we	  increase	  the	  percentage	  of	  nanoparticles	  (figures	  23-­‐D,	  E	  &	  F).	  The	  
average	  diameters	  of	  the	  fibers	  are	  between	  0.5	  and	  2	  µm.	  
	  
	  
Figure	  24–	  SEM	  images	  (x300)	  showing	  the	  morphology	  of	  PLGA+X%nHA	  nanofibers	  
produced	  by	  Jet	  spraying.	  The	  concentration	  values	  (X%)	  of	  nHA	  are	  :	  
0%(A),	  5%(B),	  15%(C),	  25%(D),	  30%a(E)	  and	  30%b(F).	  
30%a	  and	  30%b	  samples	  differ	  from	  the	  synthesis	  parameters	  (larger	  opening	  needle	  for	  
30%b	  (see	  table	  6)).	  
Scale	  lines:	  100	  µm	  
	  
	  
Figure	  25	  shows	  the	  SEM	  pictures	  and	  EDX	  micrographs	  of	  the	  jet	  sprayed	  samples	  
with	   the	   highest	   amount	   of	   hydroxyapatite	   nanoparticles	   (25%,	   30%	   with	   different	  
synthesis	   parameters)	   (A,	   B	   &	   C).	   EDX	  measurements	   were	   performed	   on	   the	  mineral	  
A B C
D E F
VIII	  -­‐	  Characterization	  results	  
	  
64	  
	  
salts	  (the	  probed	  sites	  are	  pointed	  out	  by	  arrows	  on	  the	  SEM	  images).	  They	  present	  peaks	  
for	  calcium	  and	  phosphorus	  elements,	  confirming	  the	  presence	  of	  calcium	  phosphate.	  
	  
Figure	  25	  –	  SEM	  images	  (BSE	  mode/x3000)	  of	  jet-­‐sprayed	  nanofibres	  and	  their	  respective	  
EDX	  graphics	  pointed	  on	  the	  deposited	  crystals	  (arrows).	  Scale	  line:	  10	  µm	  
A=25%/B=30%a	  &	  C=30%b	  
	  
d)	  Co	  Jet	  spraying	  
	  
SEM	   images	   (x300,	   x1000	   &	   x3000)	   of	   co-­‐Jet	   sprayed	   nanofibers	   show	   the	  
deposition	   of	   the	   nanoparticles	   at	   the	   PLGA	   surface	   (figure	   26	   &	   27).	   Hydroxyapatite	  
nanoparticles	   (nHAs)	   appear	   in	  white	   on	   the	   SEM	   images.	   Figure	   28	   shows	   at	   a	   higher	  
magnification	   the	   deposited	   nanoparticles	   of	   hydroxyapatite	   on	   the	   PLGA	   jet	   sprayed	  
fibers.	  The	  average	  diameters	  of	  the	  fibers	  are	  still	  ranging	  from	  0.5	  to	  2	  µm	  as	  with	  the	  
previous	  jet	  spraying	  experiment.	  
Depending	  on	  the	  Jet	  spraying	  parameters,	  sprayed	  nanoparticles	  are	  differentially	  
distributed	  on	  the	  surface	  of	  the	  PLGA	  surface.	  nHAs	  tends	  to	  	  form	  small	  agglomerates	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and	   cover	   only	   some	   parts	   of	   the	   fibers.	   We	   can	   observe	   that	   with	   a	   higher	   nozzle	  
opening	   (>	   1.39)	   (sample	   3,	   4	   &	   5/	   figure	   27)	   there	   is	   a	   larger	   concentration	   of	  
nanoparticles	   (in	  white)	   at	   the	   surface	  of	   the	  polymer	   fibres.	  Comparing	   the	   images	  on	  
figure	  27,	  it	  seems	  that	  we	  have	  denser	  matrices	  for	  the	  sample	  5	  and	  6	  (figure	  27-­‐B	  &	  C).	  
The	   increase	   of	   density	   might	   be	   due	   to	   the	   change	   of	   the	   synthesis	   parameters:	   the	  
pressure	  was	  deceased	  to	  6	  Bar	  for	  samples	  n°5	  and	  6.	  
	  
	  
Figure	  26	  –	  SEM	  images	  (x300,	  x1000	  &	  x3000)	  of	  Co	  Jet	  Sprayed	  matrices	  with	  different	  
synthesis	  parameters:	  	  
Sample	  n°1	  (A):	  Nozzle	  opening:	  1.3	  mm/nHA	  concentration:	  1.85mg/mL/	  pressure	  gun	  2:	  
x1000
x300
x3000
A
A’’
A’
B
B’
B’’
C
C’’
C’
Sample	  n°1	   Sample	  n°2	   Sample	  n°3	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10	  bars	  
Sample	  n°2	  (B):	  Nozzle	  opening:	  1.3	  mm/nHA	  concentration:	  1mg/mL/	  pressure	  gun	  2:	  10	  
bars	  
Sample	  n°3	  (C):	  Nozzle	  opening:	  1.29	  mm/nHA	  concentration:	  1mg/mL/	  pressure	  gun	  2:	  10	  
bars	  
Scale	  bares:	  50µm	  (A,B	  &	  C)	  20µm	  (A’,B’	  &	  C’)	  5µm	  (A’’,B’’	  &	  C’’)	  
	  
	  
	  
	  
	  
Figure	  27	  –	  SEM	  images	  (x300,	  x1000	  &	  x3000)	  of	  Co	  Jet	  Sprayed	  matrices	  with	  different	  
synthesis	  parameters:	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Sample	  n°4	  (A):	  Nozzle	  opening:	  1.39	  mm/nHA	  concentration:	  1mg/mL/	  pressure	  gun	  2:	  
10	  bars	  
Sample	  n°5	  (B):	  Nozzle	  opening:	  1.35	  mm/nHA	  concentration:	  1mg/mL/	  pressure	  gun	  2:	  
6.5	  bars	  
Sample	  n°6	  (C):	  Nozzle	  opening:	  1.45	  mm/nHA	  concentration:	  1mg/mL/	  pressure	  gun	  2:	  
6.5	  bars	  
Scale	  bares:	  50µm	  (A,B	  &	  C)	  20µm	  (A’,B’	  &	  C’)	  5µm	  (A’’,B’’	  &	  C’’)	  
	  
	  
	  
Figure	  28	  –	  SEM	  image	  of	  hydroxyapatite	  nanoparticles	  at	  the	  surface	  of	  jet	  sprayed	  PLGA	  
fibers.	  Sample	  n°	  3.	  Scale	  bare	  :	  2	  µm	  
	  
	  
	  
	  
	  
	  
2	  µm
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3)	  Degradation	  test	  
	  
	   Table	  9	  summarizes	  the	  obtained	  values.	  Samples	  are	  jet-­‐sprayed	  matrices	  (method	  2),	  
with	  different	  contents	  of	  HA	  nanoparticles.	  
	  
	  
	  
Table	  9	  	  –	  Size	  evolution	  of	  the	  jet-­‐sprayed	  PLGA	  samples	  after	  immersion	  in	  PBS	  solution	  
during	  21	  days.	  
Samples	   X	  change	  %	   Y	  change	  %	   Average	  %	  
1.	  PLGA	  +	  5%	  HA	   -­‐87.5	   -­‐94.8	   -­‐91.1	  
2.	  PLGA	  +	  15%	  HA	   -­‐81.5	   -­‐95.2	   -­‐88.4	  
3.	  PLGA	  +	  25%	  HA	   -­‐79.4	   -­‐86.1	   -­‐82.8	  
4.	  PLGA	  +	  30%	  HA	   -­‐50.6	   -­‐65.2	   -­‐57.9	  
5.	  PLGA	  +	  30%	  HA	   -­‐56.2	   -­‐74.2	   -­‐65.2	  
	  
An	  important	  shrinkage	  of	  the	  PLGA	  matrices	  can	  be	  observed.	  PLGA	  matrices	  containing	  
a	  percentage	  of	  HA	  inferior	  to	  25%	  have	  a	  reduction	  superior	  to	  80%.	  The	  structure	  quality	  of	  the	  
composite	  is	  damaged.	  However,	  with	  higher	  percentage	  of	  HA	  nanoparticles,	  the	  shrinkage	  
phenomenon	  is	  reduced	  to	  60/65%.	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IX	  -­‐	  Discussion	  
	  
Simulated	  Body	  Fluid	  experiments	  
SBF	   experiments	   were	   usually	   considered	   useful	   in	   predicting	   the	   biomaterials	  
bioactivity	  in	  vitro.	  It	  is	  believed	  that	  the	  crystal	  growth	  of	  hydroxyapatite	  induced	  by	  SBF	  
occurs	   in	   two	   main	   steps:	   nucleation	   and	   particle	   growth	   (52).	   The	   thermodynamical	  
instability	  of	  the	  SBF	  solutions	  may	  promote	  an	  easy	  crystal	  deposition.	  	  
There	  was	  no	  deposition	  of	  minerals	  with	   the	   first	  SBFx1	  solution	   regardless	   the	  
immersion	  time	  period.	  Only	  a	  few	  crystals	  were	  observed	  on	  the	  SEM	  images	  (figure	  20	  
p.57)	   that	   indicate	   a	   low	   bio-­‐mineralization	   by	   SBFx1.	   Furthermore,	  minerals	   were	   not	  
formed	   in	   a	   sufficient	   proportion	   to	   be	   detected	  with	   the	   X-­‐Ray	   diffraction	   technique.	  
Graphs	   do	   not	   present	   clear	   diffracted	   peaks	   allowing	   the	   recognition	   of	   a	   crystalline	  
structure.	   	   On	   three	   SBFx1	   samples,	   a	   small	   diffracted	   peak	   can	   be	   observed	   around	  
2theta	  =	  31.8/32	  °.This	  peak	  can	  be	  related	  to	  both	  hydroxyapatite	  (2theta=31.774)	  and	  
Halite	  (NaCl)	  (2theta=31.820)	  crystal	  structures.	  The	  broad	  width	  of	  the	  peak	  (due	  to	  the	  
low	  precision	  of	  the	  measure	  (i.e.	  non	  complete	  flatness	  of	  the	  sample))	  does	  not	  allow	  
the	  differentiation	  of	  the	  two	  crystals.	  However,	  later	  EDX	  measurements	  determined	  the	  
presence	  of	  Na	  and	  Cl	  elements,	  demonstrating	  the	  formation	  of	  NaCl	  only	  on	  the	  fibers.	  
Some	   researchers	   obtained	   the	   deposition	   of	   calcium	   phosphate	   minerals	   with	   SBFx1	  
solution	   (26).	   Francisco	   Valenzuela	   et	   al.	   also	   demonstrated	   the	   presence	   of	   NaCL	  
minerals	  by	  EDX	  measurements	  (28).	  
We	  observed	  during	   the	   immersion	  period	   small	   leaks	   around	   the	  plastic	   cap	  of	  
the	   SBF	   containers.	   An	   incomplete	   isolation	   of	   the	   recipient	   caused	   a	   precipitation	  
between	   the	   cap	   and	   the	   plastic	   container.	   A	   phenomenon	   of	   nucleation	   triggered	   a	  
localized	   precipitation.	   The	   nucleation	   of	   the	   minerals	   can	   be	   selectively	   induced	   by	  
thermodynamic	  properties	   (scratch	  on	   the	  edges	  of	   the	  containers	   (19)	  or	   contact	  with	  
the	   extern	   environment).	   According	   to	   the	   theory	   (52),	   as	   soon	   as	   a	   critical	   radius	   is	  
reached,	  calcium	  and	  phosphate	  ions	  are	  attracted	  toward	  the	  first	  nucleates	  and	  not	  to	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the	  fibres	  surface.	  Kinetic/thermodynamic	  competition	  process	  can	  be	  an	  explanation	  of	  
the	   non-­‐homogeneous	   formation	   of	   the	   salts.	   Plastic	   containers	   are	   made	   of	  
polypropylene.	  
Structures	  of	  the	  electrospun	  PLGA	  matrices	  are	  damaged	  during	  their	  immersion	  
in	  SBF	  solutions	  (x1	  and	  x5).	  The	  degradation	  of	  the	  fibers	  is	  directly	  related	  to	  the	  time	  of	  
immersion.	  Hydrolysis	  of	  the	  PLGA	  polymer	  (figure	  29)	  damages	  the	  fibres	  and	  degrades	  
physical	  properties.	  After	  7	  days	  of	  immersion,	  it	  was	  more	  difficult	  to	  remove	  the	  PLGA	  
samples	   from	   the	   plastic	   cap	   of	   the	   SBF	   container	   (films	   stuck	   on	   the	   cap).	   The	  
degradation	  behaviour	  was	  noticeable	  by	  the	  difficult	  manipulation	  of	  the	  samples,	  which	  
increased	   over	   incubation	   time.	   For	   an	   immersion	   of	   21	   days,	   it	   was	   not	   possible	   to	  
remove	  the	  samples	  without	  damaging	  the	  fibers.	  Only	  sample	  fragments	  were	  collected,	  
allowing	   a	   XRD	   powder	   characterization.	   As	   a	   result,	   SBF	   immersion	   times	   have	   to	   be	  
shorter	  than	  7	  days	  in	  order	  to	  not	  lose	  the	  physical	  integrity	  of	  the	  nanofibrous	  scaffolds.	  
The	  difference	  of	  degradation	  between	  the	  SBF	  X1	  and	  X5	  were	  not	  observed	  on	  shorter	  
times.	  
	  
Figure	  29	  –	  PLGA	  hydrolysis	  mechanism	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SEM	  images	  of	  7	  days	   immersion	  samples	  show	  the	  degradation	  effects	  on	  PLGA	  
nanofibers.	  Figure	  18	  (p.54)	  shows	  the	  loss	  of	  the	  fibers	  alignment,	  the	  smoother	  surface	  
of	  the	  PLGA	  fibers	  due	  to	  the	  PLGA	  hydrolysis.	  Joanna	  Buczynska	  et	  al.’s	  (32)	  analysed	  the	  
mechanical	   properties	   evolution	   of	   PLLA	   fibers	   depending	   of	   the	   immersion	   time	   in	   a	  
SBFx3	  solution.	  PLGA	  fibers	  were	  weakening	  with	  an	  increasing	  immersion	  time.	  Average	  
diameters	  increased	  (due	  to	  the	  minerals	  coating)	  but	  strain	  to	  failure	  or	  tensile	  strength	  
decreased.	  
Degradation	   tests	   performed	   in	   PBS	   solution	   with	   jet-­‐sprayed	   fibers	   showed	   a	  
considerable	  shrinkage	  (>	  80%)	  of	  the	  PLGA	  matrices	  after	  21	  days	  of	   immersion.	  These	  
data	  confirmed	  that,	  even	  with	  HA	  presence	  inside	  the	  nanofibers,	  PLGA	  membrane	  are	  
considerably	  affected	  by	  hydrolysis	  over	  long	  period	  of	  immersion	  (7	  >	  days).	  Young	  You	  
at	  al.	  (53)	  observed	  in	  their	  works	  the	  degradation	  of	  electrospun	  PLGA	  nanofibers	  in	  PBS.	  
Degradation	  of	  PLGA	  matrices	  were	  shown	  by	  Scanning	  Electron	  Microscopy	  over	  8	  days	  
of	   immersion	  whereas	  no	  significant	  morphological	  changes	  were	  noticed	  for	  the	  first	  4	  
days	  of	  degradation.	  
The	  metastable	   solutions	  SBFx1	  and	  SBFx5	  were	  difficult	   to	   synthesize.	   The	  high	  
proportion	  of	  ions	  in	  solution	  makes	  the	  SBF	  solutions	  hard	  to	  prepare	  and	  to	  conserve.	  
Many	  researchers	  prepared	  super	  saturated	  solutions	  in	  order	  to	  increase	  the	  nucleation	  
rate	  of	  mineralization	  (38).	  To	  maintain	  the	  metastable	  condition	  of	  SBF	  solution	  and	  to	  
keep	  it	  as	  limpid	  solution	  at	  37°C,	  a	  low	  pH	  is	  necessary,	  around	  6.4	  for	  SBFx5.	  	  
Even	   with	   the	   pH	   difference	   between	   SBFx5	   and	   natural	   blood	   plasma	  
(pH~7.2/7.4),	  some	  researchers	  performed	  mineralization	  tests	  at	  such	  low	  pH	  (37),	  (33).	  
Several	   techniques	   are	   used	   to	   make	   a	   solution	   with	   high	   ionic	   concentrations.	   Some	  
synthesize	  their	  SBF	  solutions	  with	  a	  CO2	  reflux	  system	  in	  order	  to	  lower	  the	  pH	  below	  7	  
through	  a	  new	  input	  of	  HCO3-­‐/H2CO2-­‐	  and	  thus	  increase	  the	  solubility	  of	  the	  compounds	  
(54).	  
In	  our	  study	  case,	  we	  increased	  the	  SBF	  salts	  solubility	  by	  lowering	  the	  pH	  at	  6.4.	  
With	  mineralization	   through	   normal	   SBF,	   we	   cannot	   obtain	  mineralized	   PLGA	  matrices	  
with	  good	  remaining	  physical	  properties.	  Mineralization	  seems	  to	  be	  too	  slow	  to	  preserve	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the	   integrity	   of	   the	   nanofibers.	   However,	   SBFx5	   solutions	   allow	   us	   to	   shorten	   the	  
immersion	  time	  and	  obtain	  a	  faster	  mineralization	  without	  compromising	  the	  properties	  
of	  the	  substrates.	  Indeed,	  even	  if	  the	  hydrolysis	  process	  is	  accelerated	  by	  the	  lower	  pH	  of	  
the	  solution	  SBFx5	  (pH=6.4)	  (acidic	  media	  should	  accelerate	  the	  hydrolysis	  of	  degradable	  
polymers),	  mineralization	  is	  faster.	  Thus	  this	  may	  have	  a	  positive	  contribute	  towards	  PLGA	  
properties	  maintenance	  and	  “protect”	  the	  fiber	  from	  hydrolysis.	  
Significant	  mineral	  deposition	  was	  observed	  on	  SBFx5	  PLGA	  samples	  after	  3.5	  days	  
of	  immersion.	  EDX	  graphs	  show	  the	  formation	  of	  Halite	  and	  Calcium	  Phosphate	  minerals	  
by	  detecting	   the	  main	  elements	   (Na,	  Cl,	   Ca,	   P	   and	  O).	   Two	  different	   structures	  may	  be	  
differentiated	   on	   the	   samples	   SBFx5_3.5	   days	   of	   immersion.	   A	   rectangular	   crystal	  
structure	   as	   shown	   on	   figure	   21-­‐C	   (p.59)	  might	   correspond	   to	  NaCl	  minerals	   (55),	   (56)	  
whereas	  a	  more	  shapeless	  crystal	  (figure	  21-­‐D)	  contains	  Ca	  elements.	  
A	  uniform	  layer	  of	  minerals	  seems	  to	  be	  deposited	  on	  the	  SBFx5_5	  days	  immersion	  
samples.	   A	   large	   part	   of	   the	   PLGA	   fibers	   is	   recovered	   by	   calcium	   phosphate	   crystals	  
(presence	  of	  Ca	  and	  P	  elements	  on	  EDX	  graphs).	  Similar	  homogeneous	  deposition	  results	  
were	   obtained	   with	   SBF	  mineralization:	   layers	   of	   calcium	   deficient	   phosphate	   on	   PLLA	  
nanofibers	  with	   SBFx5	   (33),	   small	   CaP	   layer	   around	   PLGA	   fibers	  with	   SBFx10	   (38).	   SEM	  
images	  on	  figures	  20-­‐E	  &	  F	  (p.57)	  do	  not	  allow	  with	  certitude	  the	  presence	  of	  pores.	  The	  
deposited	   minerals	   reduce	   and	   maybe	   eliminate	   the	   initial	   porosity	   of	   the	   fibers.	   The	  
deposited	   powder	  was	   examined	   through	   X-­‐Ray	   diffraction	   (figure	   16	   p.51).	   Two	  main	  
crystallise	  phases	  appeared	  very	  distinctly,	  Halite	  (NaCl)	  and	  hydroxyapatite.	  The	  ratio	  of	  
Ca/P	  was	  measured	  for	  the	  sample	  SBFx5	  5days	  of	  immersion.	  Average	  Ca/P	  ratio	  around	  
1.4	   was	   determined	   with	   the	   EDX	   data.	   In	   comparison	   with	   the	   apatite	   material	  
(Ca/P=1.67),	   the	   mineral	   presents	   at	   the	   surface	   of	   the	   PLGA	   membranes	   is	   calcium	  
deficient.	  The	  deposited	  minerals	  do	  not	  correspond	  to	  a	  pure	  hydroxyapatite	  layer.	  	  
It	  was	  often	  observed	   that	  amorphous	  calcium	  or	   calcium	  deficient	  minerals	  are	  
first	   formed	  during	  SBF	  mineralization	   (SBFx5/	   soaking	   times:	  6h,	  18h	  &	  24h;	   (34)).	  CaP	  
phases	   precipitated	   in	   aqueous	   solutions	   mainly	   include	   dicalcium	   Phosphate	  
[CaHPO4.2H2O]	   (DCPD),	   octocalcium	   phosphate	   [Ca8(HPO4)2(PO4)4	   5H2O]	   (OCP),	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hydroxyapatite	   [Ca10(OH)2(PO4)6]	   (HA).	   (52)	   HA	   is	   the	   most	   thermodynamically	   stable	  
mineral	  in	  physiological	  environment.	  OCP	  and	  DCPD	  are	  believed	  to	  be	  precursors	  of	  HA.	  
Because	  they	  grow	  faster	  than	  HA	  (kinetically	  favourable),	  they	  will	  first	  precipitate	  on	  the	  
surface	  on	  the	  PLGA	  layers	  and	  then	  transform	  into	  HA.	  According	  to	  thermodynamic	  and	  
kinetics	   crystal	   growth	   simulation	   (52),	   HA	   has	   a	   negative	   free	   energy,	   which	  means	   a	  
favourable	  precipitation,	  when	  pH	  >	  5.4.	  However,	  OCP	  and	  DCPD	  have	  faster	  nucleation	  
rates	  than	  HA.	  It	  should	  be	  noted	  that	  the	  difference	  in	  nucleation	  rate	  between	  HA	  and	  
OCP	  increases	  when	  the	  pH	  decreases.	  In	  our	  case	  where	  the	  pH	  is	  around	  6.4,	  it	  should	  
be	  normal	  to	  observe	  first	  a	  deposition	  of	  calcium	  deficient	  minerals.	  
	  
Calcium	   phosphate	   on	   SBFx5	   5days	   samples	   was	   formed	   under	   a	   characteristic	  
shape.	  Figure	  23	   (p.62)	   shows	   the	   structure	  of	   the	  deposited	  mineral	  as	  hemispherical-­‐
shaped	  apatite	  granules	  (diameters	  around	  5	  µm)	  with	  a	  rough	  surface	  containing	  needle	  
like	   crystals.	   Such	   flaky	   structures	  were	   previously	   observed	   in	   SBF	  mineralization	   (24),	  
(33),	  (57).	  Needle	  shaped	  structures	  are	  usually	  composed	  by	  a	  mixture	  of	  hydroxyapatite	  
and	  calcium	  deficient	  phosphate	  dehydrated.	  CDCP	  being	  considered	  as	  precursors	  of	  the	  
apatite	  formation,	  they	  lower	  the	  Ca/P	  ratio	  (34).	  
NaOH	  activation	  was	  performed	  on	  the	  PLGA	  samples	   in	  order	   to	  create	  specific	  
sites	   promoting	   the	   apatite	   formation.	   Tristan	   I.	   Croll	   et	   al.	   (27),	   estimated	   NaOH	  
activation	  by	  measuring	  the	  contact	  angle	  on	  PLGA	  surfaces.	  The	  roughness	  of	  the	  surface	  
varied	   only	   at	   the	   very	   beginning	   of	   the	   activation	   (orders	   of	   seconds).	   To	   selectively	  
activate	   the	   surface	  of	   the	  polymer,	  we	   therefore	   choose	   short	   times	  of	   treatment	   (0s,	  
30s,	  1min	  and	  5min),	  with	  the	  aim	  of	  not	  degrading	  the	  polymer	  in	  the	  matrices	  depth.	  It	  
was	  demonstrated	  that	  NaOH	  activation	  has	  a	  very	  fast	  effect	  on	  PLGA.	  Others	  activation	  
processes	   could	   have	   been	   performed	   on	   polymers	   to	   promote	   mineralization.	   For	  
instance,	   F.	   Yang	   et	   al.	   (58)	   and	   Xiaoran	   Li	   et	   al.	   (57)	   used	   an	   argon	   plasma	   treatment	  
during	  10	  minutes	  to	  activate	  the	  surface	  of	  their	  polymers	  (PCL	  and	  PLGA).	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There	   were	   no	   relations	   between	   the	   NaOH	   pre	   activation	   and	   the	   observed	  
mineral	  deposition,	  for	  both	  SBF	  solutions.	  SBFx1	  solution	  was	  not	  enough	  concentrated	  
in	  order	  to	  prove	  the	  effect	  of	  NaOH	  activation.	  
For	   SBFx5	  mineralization,	   a	   sufficient	  minerals	   deposition	   was	   not	   observed	   for	  
short	  immersion	  times	  (<	  5	  days).	  However,	  a	  semi	  quantitative	  analysis	  can	  be	  done	  with	  
the	  evolution	  of	  the	  XRD	  spectra	  for	  5	  days	  of	  immersion.	  On	  figure	  15-­‐D	  (p.50),	  there	  is	  a	  
small	  increase	  of	  the	  diffracted	  peak	  (2theta=	  26°)	  with	  NaOH	  activation.	  Indeed,	  on	  the	  
graph	  c	  and	  d,	  the	  characteristic	  peak	  could	  be	  differentiated	  from	  the	  noisy	  background.	  
This	   could	  be	  explained	  by	   the	  activation	  of	   the	  NaOH	   liquid	  on	   the	  PLGA	   fibers.	  More	  
precise	   characterizations	   have	   to	   be	   performed	   to	   confirm	   the	   real	   effect	   of	   NaOH	  
activation.	  We	  cannot	  see	  a	  real	  difference	  between	  the	  mineralization	  of	  SBFx5	  samples	  
(0s	  and	  5	  minutes	  NaOH	  activation)	  on	  the	  SEM	  images	  (figures	  21-­‐E	  &	  F	  p.59).	  It	  is	  hard	  
to	   achieve	   a	   quantitative	   analysis	   because	   the	  minerals	  were	   deposited	   homogenously	  
and	  cover	  all	  the	  fibers.	  Comparing	  figures	  20-­‐C	  &	  D	  (p.57)	  (at	  the	  same	  magnification),	  it	  
comes	  out	  that	  NaOH	  activation	  seems	  to	  facilitate	  the	  “diameter	  decrease”	  of	  the	  fibers.	  
As	  the	  PLGA	  hydrolysis	  should	  be	  induced	  by	  NaOH,	  it	  is	  plausible	  that	  we	  have	  a	  higher	  
degradation,	  i.e.	  fast	  decrease	  of	  the	  fiber	  diameters.	  
	  
Jet-­‐spraying	  technique	  
Jet-­‐Spraying	   techniques	  allow	  the	  construction	  of	  a	   functional	   three	  dimensional	  
matrix.	   PLGA	   nanofibers	   networks	  were	   designed	  with	   an	   adequate	   porosity	   for	   tissue	  
regeneration	   (around	   90%).	   Jet-­‐Spraying	   is	   also	   a	   good	   method	   to	   compute	   and	  
incorporate	  ceramic	  fillers,	  in	  our	  case,	  apatite,	  to	  the	  fibers.	  Nanoparticles	  can	  be	  easily	  
introduced	  in	  a	  controllable	  way	  into	  the	  PLGA	  polymer.	  In	  theory,	  ceramics	  fillers	  can	  be	  
inserted	  at	  a	  specific	  place	  inside	  the	  PLGA	  network,	  either	  to	  produce	  several	  composite	  
layers	  or	   to	  mineralize	  only	  on	  the	  surface	  of	   the	  sample.	   In	   the	  present	  work	  different	  
contents	   (up	   to	   40%)	   of	   nHAs	   were	   incorporated	   by	   the	   jet-­‐spraying	   technique	   (blend	  
mixture)	   and	   the	  presence	  of	   calcium	  phosphate	  was	   checked	  by	   x-­‐rays	  diffraction	  and	  
SEM	  analysis.	  SEM	  images	  (figure	  23	  p.62)	  show	  the	  insertion	  of	  nanoparticles	  inside	  the	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polymer	  fibers.	  The	  initial	  mixture	  (nHA	  +	  polymer)	  projected	  on	  the	  grid	  offers	  the	  good	  
incorporation	  of	  the	  fillers.	  Similar	  results,	  where	  HA	  nanoparticles	  are	  included	  inside	  the	  
PLGA	   fibers,	   can	   be	   obtained	  with	   the	   electrospinning	   technique	   (F.	   Yang	  with	   0,	   25	  &	  
50%wt	  of	  nHA/fiber	  diameter:	  0.32	  to	  0.43	  µm	  (21)).	  
Depending	  of	   the	  preparation	  parameters	  and	   the	  proportion	  of	   fillers,	  we	  were	  
able	  to	  create	  a	  nanocomposite	  with	  fashionable	  properties.	  Depending	  on	  the	  amount	  of	  
HA	  incorporated	  into	  the	  fibers,	  the	  physicals	  properties	  will	  be	  slightly	  changed.	  Yang	  et	  
al.	   (21)	   	   realized	  mechanical	   tests	   on	   their	   PCL/nHA	   composites.	   It	  was	   shown	   that	   the	  
addition	   of	   nHA	   increased	   the	   tensile	   stress,	   ductility	   and	   toughness.	   This	   mechanical	  
reinforcement	   effect	   can	   be	   due	   to	   an	   additional	   energy-­‐dissipating	   mechanism	  
introduced	   by	   the	   nanoparticles.	   Valenzuela	   et	   al.	   (28)	   carried	   out	  mechanical	   tests	   on	  
alginate/	  nHA	  nanocomposite	   and	   showed	   that	   a	  maximum	  nHA	  content	  of	   25%	   inside	  
the	   polymer	   offers	   the	   best	   physical	   properties.	   HA	   nanoparticles	   make	   the	   nanofiber	  
matrix	  more	  stiff	  and	  less	  plastic	  in	  deformation,	  which	  is	  the	  typical	  characteristic	  of	  hard	  
inorganic	  fillers.	  Consequently,	  stiffness	  of	  the	  supporting	  scaffold	  can	  be	  easily	  adjusted	  
by	  varying	  the	  proportion	  of	  nHA.	  	  
	  
nHA	   incorporation	   has	   an	   effect	   on	   bioactivity	   and	   cell	   proliferation	   [28].	   ECM	  
organization	   and	   production	   are	   highly	   influenced	   by	   the	   presence	   of	   apatite	  
nanoparticles.	   In	   Li‘s	   paper	   (27),	   in	   vitro	   experiments	   on	   an	   electrospun	   nHA/PLGA	  
composite	  were	  performed.	  Human	  osteoblast	  cells	  were	  cultured	  during	  14	  days	  on	  the	  
scaffold	   and	   confocal	   fluorescent	   microscopic	   images	   allowed	   the	   observation	   on	   an	  
enhancement	   of	   cell	   proliferation	   (in	   comparison	   with	   a	   simple	   PLGA	   matrix).	   HA	  
nanoparticles	   have	   a	   non-­‐negligible	   effect	   on	   cell	   biocompatibility	   and	   Yang	   (21)	   also	  
proved	   that	   hydroxyapatite	   provides	   a	   suitable	   environment	   for	   osteoblast-­‐like	   cell	  
differentiation	  and	  proliferation.	  
Mineralization	  assays,	  like	  formation	  of	  apatite	  with	  prolonged	  SBF	  immersion	  (up	  
to	   4	   weeks),	   were	   performed	   on	   HA/polymer	   composites	   in	   order	   to	   characterize	   the	  
amelioration	  of	  the	  bioactivity.	  Yang	  demonstrated	  that	  the	  presence	  of	  HA	  nanoparticles	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have	  a	  great	   influence	  on	  apatite	   formation.	  This	  effect	  can	  be	  attributed	  to	   the	  partial	  
dissolution	  of	  nHa	  and	  thus	  the	  release	  of	  calcium	  ions	  which	  favors	  apatite	  formation	  or	  
the	   exposure	   of	   nHA	   particles	   on	   the	   polymer	   surface	   providing	   nucleation	   sites	   for	  
apatite	  growth.	  Sang	  et	  al.	  also	  observed	  that	  HA	  nanoparticles	  act	  as	  catalyst	  to	  mineral	  
deposition	  on	  porous	  polymer/ceramic	  composite	  scaffolds	  (29).	  	  
In	  our	  case,	  the	  non-­‐homogenous	  repartition	  and	  aggregates	  formation	  has	  to	  be	  
solved	  by	  adjusting	  the	  spraying	  parameters.	  Further	  tests	  should	  be	  realized	  in	  order	  to	  
optimize	  the	  quality	  of	  the	  fibers.	  However,	  these	  first	  experiments	  prove	  the	  feasibility	  
of	   the	   nano	   composite	   synthesis	   techniques	   by	   jet	   spraying	   and	   their	   promising	  
outcomes.	  	  
	  
Co	  Jet	  Spraying	  
The	  third	  mineralization	  technique	  allowed	  the	  partial	  coating	  of	  HA	  nanoparticles	  
on	   the	   PLGA	   fiber	   surfaces.	   The	   separated	   projection	   of	   polymer	   solution	   and	  
nanoparticles	  was	  not	  reported	  in	  the	  literature.	  The	  novelty	  of	  this	  method	  is	  that	  a	  layer	  
of	  HA	  nanoparticles	  can	  be	  deposited	  at	   the	  surface	  of	  nanofibers.	  The	  co	  projection	  of	  
the	   nanoparticles	   and	   the	   polymer	   may	   be	   a	   great	   alternative	   to	   cover	   the	   polymer	  
scaffold	   and	   enhance	   the	   bioactivity	   of	   the	   all	   system.	   Contrary	   to	   the	   previous	  
composite,	  hydroxyapatite	  will	  be	  directly	   in	  contact	  with	  the	  ECM.	  The	  effect	  might	  be	  
more	   efficient	   for	   implant	   integration.	   The	   experiments	   showed	   the	   feasibility	   of	   the	  
synthesis	  method.	  Even	   if	   the	  parameters	  have	  to	  be	  further	  adjusted,	  we	  were	  able	  to	  
design	  a	  promising	  nanocomposite.	  Nanoparticles	  were	  not	  distributed	  homogenously	  on	  
the	   fibre	   surfaces	   and	   some	   aggregates	   were	   formed,	   decreasing	   the	   quality	   of	   the	  
nanofibres.	  The	  non-­‐complete	  covering	  can	  be	  due	  to	  the	  characteristic	  structure	  of	  the	  
nanoparticles.	   Their	   hexagonal	   prisms	   shapes	   might	   influence	   the	   deposition	   process	  
because	  of	  steric	  constrains.	  Thus,	  it	  may	  be	  interesting	  to	  project	  HA	  nanoparticles	  with	  
different	  shapes	  and	  sizes	  (nHap	  may	  be	  produced	  as	  very	  thin	  particles	  with	  a	  needle	  or	  
plate	   like	   shape).	   Further	   tests	   should	   be	   done	   in	   order	   to	   check	   the	   mechanical	   and	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biological	  properties	  of	  the	  new	  composite.	  Especially	  the	  adherence	  of	  the	  nanoparticles	  
to	  the	  surface	  via	  soaking	  tests	  should	  be	  tested	  to	  provide	  a	  viable	  biological	  system.	  
	   Others	  characterization	  techniques	  non-­‐available	  in	  the	  laboratory,	  could	  be	  done	  
to	   improve	   the	   analysis	   of	   the	   mineralized	   PLGA	   nanofibers.	   For	   instance,	   Fourier	  
Transform	  InfraRed	  spectroscopy	  may	  provide	  new	  data	  about	  the	  deposited	  minerals	  on	  
the	   SBF	   samples.	   Indeed,	   with	   the	   XRD	   techniques,	   we	   did	   not	   collect	   diffraction	   for	  
amorphous	   phases.	   Consequently,	   we	   are	   not	   able	   to	   assure	   the	   non-­‐presence	   of	  
amorphous	  calcium	  phosphate,	  known	  as	  a	  precursor	  of	  HA	  in	  mineralization	  process.	  BET	  
(Brunauer–Emmett–Teller)	   measurements	   will	   also	   provide	   interesting	   data	   about	   the	  
specific	  surface	  area	  and	  the	  porosity	  of	  our	  materials.	  Finally,	  thermogravimetric	  analysis	  
(TGA)	  would	   allow	   the	   determination	   of	   the	   exact	   amount	   of	  minerals	  we	  managed	   to	  
precipitate	  (SBF)	  or	  incorporate	  (jet	  spray)	  inside	  the	  different	  PLGA	  nanofibers.	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Mineralized	   PLGA	   nanofibres	   were	   successfully	   produced	   through	   3	   different	  
methods.	   SBF	  mineralization	  and	  co	   jet-­‐spraying	   techniques	  allowed	   the	   formation	  of	  a	  
calcium	   phosphate	   deposit	   around	   PLGA	   nanofibers	   whereas	   jet	   spraying	   created	   a	  
nanocomposite	  where	  nanoparticles	  were	  included	  inside	  the	  core	  of	  the	  fibers.	  
These	   two	   types	  of	   configuration	  offer	  different	  potential	  advantages	   for	  guided	  
tissue	   engineering	   applications.	  Mineralization	   at	   the	   surface	   of	   the	   fibers	   will	   provide	  
bioactivity	  to	  the	  scaffold	  by	  promoting	  cell	  interaction	  and	  bio-­‐mineralization.	  Apatite	  is	  
directly	  in	  contact	  with	  the	  ECM	  and	  interacts	  freely	  as	  soon	  as	  the	  scaffold	  is	  implanted.	  
On	  another	  hand,	  matrices	  produced	  by	  jet	  spraying	  with	  an	  initial	  blend	  of	  HA/PLGA	  may	  
be	  a	  promising	  system	  to	  release	  progressively	  HA	  inside	  the	  body.	  As	  the	  same	  time	  as	  
the	  polymer	  slowly	  degrades,	  nanoparticles	  trapped	  inside	  the	  fibers	  will	  be	  released.	  By	  
adjusting	  the	   fibers	  diameters	  and	  the	  content	  of	  HA,	   the	  release	  of	  calcium	  phosphate	  
may	  be	  controlled	  as	  a	  drug	  delivery	  system	  (59).	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The	  quality	  of	  the	  minerals	  deposited	  or	   incorporated	   is	  well	  controlled	  with	  the	  
jet	  spray	  techniques.	  Nanoparticles	  do	  not	  react	  chemically	  during	  the	  synthesis	  process,	  
certifying	  the	  composition	  of	  the	  fillers.	  However,	  calcium	  phosphate	  phases	  are	  not	  fully	  
controlled	   with	   SBF	   mineralization.	   Calcium	   deficient	   (Ca/P	   ratio	   lower	   than	   1.67)	   and	  
NaCl	   minerals	   measured	   by	   EDX	   are	   present	   on	   the	   SBF	   samples.	   The	   in	   vitro	  
mineralization	  provides	  less	  controlled	  apatite	  crystals	  but	  the	  final	  system	  may	  be	  closer	  
as	  the	  natural	  one	  (presence	  of	  amorphous	  apatite	  crystals	  before	  CaP	  formation).	  In	  the	  
hard	  tissues	  of	  the	  periodontium,	  rod-­‐like	  HA	  crystals	  measuring	  25-­‐100	  nm	  with	  a	  length	  
(c-­‐axis)	   from	   0.1	   to	   100	   µm	   are	   present	   (60).	   We	   may	   control	   the	   morphology	   and	  
dimension	   of	   the	   HA	   nanoparticles	   in	   our	   study	   to	   be	   as	   clothe	   as	   possible	   from	   the	  
biological	  system.	  
	  
Further	  tests	  should	  be	  realized	  in	  order	  to	  determine	  the	  best	  way	  to	  mineralize	  
PLGA	  nanofibers	   (cell	   proliferation	   viability,	   adjustments	   of	   the	   production	   parameters,	  
quality	   of	   the	   fibers,	   mineralization	   assays,	   physical	   tests,	   etc.).	   	   An	   additional	   way,	  
combination	   of	   an	   internal	   and	   surface	   mineralization,	   has	   to	   be	   explored.	   A	   SBF	  
mineralization	   after	   a	   jet	   spray	   nanocomposite	   synthesis	   or	   a	   co	   jet-­‐spraying	   synthesis	  
(nHA/PLGA	  mixture	  +	  nHA)	  will	  fabricate	  a	  system	  which	  combines	  the	  two	  advantages	  of	  
direct	  surface	  interaction	  and	  progressive	  calcium	  release.	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Annex	  1-­‐	  Simulated	  Body	  Fluid	  synthesis	  protocol	  
	  
We	  are	  largely	  inspired	  by	  the	  detailed	  SBF	  preparation	  procedure	  in	  “How	  useful	  is	  
SBF	  in	  predicting	  in	  vivo	  bone	  bioactivity?”	  Tadashi	  Kokubo,	  Hiroaki	  Takadama.	  
Biomaterials	  27	  (2006)	  2907–2915	  
1) Preparation	  of	  SBF	  1000mL	  
Reagents	  in	  order:	  
-­‐ (1)	  Sodium	  Chloride	  
-­‐ (2)	  Sodium	  hydrogen	  carbonate	  	  
-­‐ (3)	  Potassium	  chloride	  
-­‐ (4)	  Di-­‐potassium	  hydrogen	  phosphate	  trihydrate	  
-­‐ (5)	  Magnesium	  chloride	  hexahydrate	  
-­‐ (6)	  1M	  (mol/l)	  Hydrochloric	  Acid	  (39mL)	  
-­‐ (7)	  calcium	  chloride	  	  
-­‐ (8)	  sodium	  sulfate	  	  
-­‐ (9)	  Tris-­‐hydroxymethyl	  aminomethane	  
-­‐ (10)	  1M	  (mol/l)	  Hydrochloric	  Acid	  (0-­‐5mL)	  
-­‐ Distilled	  water	  
Precautions:	  
-­‐ Always	  make	  sure	  that	  the	  preparing	  solution	  is	  kept	  colourless	  and	  transparent	  
and	  that	  there	  is	  no	  deposit	  on	  the	  surface	  of	  the	  bottle.	  If	  any	  precipitation	  
occurs,	  stop	  preparing	  SBF,	  abandon	  the	  solution,	  restart	  from	  washing	  the	  
apparatus	  and	  prepare	  SBF	  again.	  
	  
Materials:	  	  
-­‐	  2000mL	  Plastic	  beaker	  
-­‐	  Magnetic	  stirring	  
-­‐	  pH	  meter/thermocouple	  
-­‐	  Cylinder	  (HCl)	  	  
-­‐	  Serynge/	  drop	  wise	  for	  HCl	  
-­‐	  2000	  ml	  volumetric	  flask	  
-­‐	  104	  x	  50mL	  plastic	  beaker	  
-­‐	  Water	  bath	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1. Put	  700	  mL	  of	  ion-­‐exchanged	  and	  distilled	  water	  with	  a	  stirring	  bar	  into	  1000mL	  
plastic	  beaker.	  Heat	  the	  water	  in	  the	  beaker	  to	  36.5	  +/-­‐1.5°C	  under	  stirring.	  
2. Dissolve	  only	  the	  reagents	  of	  1st	  to	  8th	  order	  into	  the	  solution	  at	  36.5	  +/-­‐1.5	  °C	  
one	  by	  one	  in	  the	  order	  given	  previously,	  taking	  care	  of	  the	  indications	  in	  the	  
following	  list.	  	  
o Never	  dissolve	  several	  reagents	  simultaneously.	  Dissolve	  a	  reagent	  only	  
after	  the	  preceding	  one	  (if	  any)	  is	  completely	  dissolved.	  
o Measure	  the	  volume	  of	  1M-­‐HCl	  (39mL)	  by	  cylinder	  after	  washing	  with	  1M-­‐
HCl.	  
o Measure	  the	  hygroscopic	  reagents	  such	  as	  KCl,	  K2HPO4	  3H2O,	  MgCl2	  
6H2O,	  CaCl2,	  Na2SO4	  in	  as	  short	  a	  period	  as	  possible.	  
3. Set	  the	  temperature	  of	  the	  solution	  at	  36.5+/-­‐1.5	  °C.	  If	  the	  amount	  of	  the	  solution	  
is	  smaller	  than	  900	  ml,	  add	  ion	  exchanged	  and	  distilled	  water	  up	  to	  900ml	  in	  total.	  
4. Insert	  the	  electrode	  of	  the	  pH	  meter	  into	  the	  solution.	  Just	  before	  dissolving	  the	  
Tris,	  the	  pH	  of	  the	  solution	  should	  be	  2.0+/-­‐1.0	  
5. With	  the	  solution	  temperature	  between	  35	  and	  38	  °C,	  preferably	  to	  36.5+/-­‐0.5	  °C,	  
dissolve	  the	  reagent	  Tris	  into	  the	  solution	  little	  by	  little	  taking	  careful	  note	  of	  the	  
pH	  change.	  After	  adding	  a	  small	  amount	  of	  Tris,	  stop	  adding	  it	  and	  wait	  until	  the	  
reagent	  already	  introduced	  is	  dissolved	  completely	  and	  the	  pH	  has	  become	  
constant;	  then	  add	  more	  Tris	  to	  raise	  the	  pH	  gradually.	  When	  the	  pH	  becomes	  
7.30+/-­‐0.05,	  make	  sure	  that	  the	  temperature	  of	  the	  solution	  is	  maintained	  at	  
36.5+/-­‐0.5	  °C.	  With	  the	  solution	  at	  36.5+/-­‐0.5	  °C,	  add	  more	  Tris	  to	  raise	  the	  pH	  to	  
under	  7.45.	  
o Do	  not	  add	  a	  large	  amount	  of	  Tris	  into	  the	  solution	  at	  a	  time,	  because	  the	  
radical	  increase	  in	  local	  pH	  of	  the	  solution	  can	  lead	  to	  the	  precipitation	  of	  
calcium	  phosphate.	  If	  the	  solution	  temperature	  is	  not	  within	  36.5+/-­‐0.5	  °C,	  
add	  Tris	  to	  raise	  the	  pH	  to	  7.30+/-­‐0.05,	  stop	  adding	  it	  and	  wait	  for	  the	  
solution	  temperature	  to	  reach	  36.5+/-­‐0.5	  °C.	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o The	  pH	  shall	  not	  increase	  over	  7.45	  at	  36.5+/-­‐0.5	  °C,	  taking	  account	  of	  the	  
pH	  decrease	  with	  increasing	  solution	  temperature	  (the	  pH	  falls	  about	  
0.05/°C	  at	  36.5+/-­‐1.5	  °C).	  
6. When	  the	  pH	  has	  risen	  to	  7.45+/-­‐0.01,	  stop	  dissolving	  Tris,	  then	  drop	  1M-­‐HCl	  by	  
syringe	  to	  lower	  the	  pH	  to	  7.42+/-­‐0.01,	  taking	  care	  that	  the	  pH	  does	  not	  decrease	  
below	  7.40.	  After	  the	  pH	  has	  fallen	  to	  7.42+/-­‐0.01,	  dissolve	  the	  remaining	  Tris	  little	  
by	  little	  until	  the	  pH	  has	  risen	  to	  <=7.45.	  If	  any	  Tris	  remains,	  add	  the	  1M-­‐HCl	  and	  
Tris	  alternately	  into	  the	  solution.	  Repeat	  this	  process	  until	  the	  whole	  amount	  of	  
Tris	  is	  dissolved	  keeping	  the	  pH	  within	  the	  range	  of	  7.42–7.45.	  After	  dissolving	  the	  
whole	  amount	  of	  Tris,	  adjust	  the	  temperature	  of	  the	  solution	  to	  36.5+/-­‐0.2	  °C.	  
Adjust	  the	  pH	  of	  the	  solution	  by	  dropping	  1M-­‐HCl	  little	  by	  little	  at	  a	  pH	  of	  7.42/+-­‐
0.01	  at	  36.5+/-­‐0.2	  °C	  and	  then	  finally	  adjust	  it	  to	  7.40	  exactly	  at	  36.5	  °C	  on	  
condition	  that	  the	  rate	  of	  solution	  temperature	  increase	  or	  decrease	  is	  less	  than	  
0.1	  °C/min.	  Remove	  the	  electrode	  of	  the	  pH	  meter	  form	  the	  solution,	  rinse	  it	  with	  
ion-­‐exchanged	  and	  distilled	  water	  and	  add	  the	  washings	  into	  the	  solution.	  
7. Put	  the	  pH-­‐adjusted	  solution	  from	  the	  beaker	  into	  1000	  ml	  volumetric	  flask.	  Rinse	  
the	  surface	  of	  the	  beaker	  with	  ion-­‐exchanged	  and	  distilled	  water	  and	  add	  the	  
washings	  into	  the	  flask	  several	  times,	  fixing	  the	  stirring	  bar	  with	  a	  magnet	  as	  if	  to	  
prevent	  it	  from	  falling	  into	  the	  volumetric	  flask.	  Add	  the	  ion-­‐exchanged	  and	  
distilled	  water	  up	  to	  the	  marked	  line	  (it	  is	  not	  necessary	  to	  adjust	  exactly,	  because	  
the	  volume	  becomes	  smaller	  after	  cooling),	  put	  a	  lid	  on	  the	  flask	  and	  close	  it	  with	  
plastic	  film.	  After	  mixing	  the	  solution	  in	  the	  flask,	  keep	  it	  in	  the	  water	  to	  cool	  it	  
down	  to	  20	  °C.	  After	  the	  solution	  temperature	  has	  fallen	  to	  20	  1C,	  add	  the	  distilled	  
water	  up	  to	  the	  marked	  line.	  
8. Prepared	  SBF	  should	  be	  preserved	  in	  a	  plastic	  bottle	  with	  a	  lid	  put	  on	  tightly	  and	  
kept	  at	  5-­‐10	  °C	  in	  a	  refrigerator.	  The	  SBF	  shall	  be	  used	  within	  30	  days	  after	  
preparation.	  
	  
2) NaOH	  activation	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a. With	  the	  help	  of	  a	  synthetic	  paintbrush,	  spread	  at	  the	  surface	  of	  the	  PLGA	  
matrix	  a	  small	  amount	  of	  NaOH	  [0.01M].	  
For	  reproducibility	  reasons:	  two	  ways	  trip?	  
b. Wait	  for	  a	  specific	  time	  (see	  tables)	  
c. Wash	  with	  demineralized	  water	  
	  
3) SBF	  immersion	  
a. When	  they	  are	  completely	  dry,	  put	  PLGA	  samples	  (100	  mm²)	  into	  a	  50mL	  
plastic	  beaker	  containing	  the	  SBF	  solution	  (around	  40mL).	  
PLGA	  film	  hold	  by	  welding	  two	  opposite	  sample	  corners	  to	  the	  top	  of	  the	  
plastic	  flask	  
b. Wait	  for	  different	  time	  (see	  tables)	  
c. Wash	  3	  times	  with	  demineralized	  water	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Annex	  2	  -­‐	  Determination	  of	  the	  adequate	  SBF	  volume	  for	  a	  good	  sample	  
immersion	  
	  
Based	  on	  Kukubo’s	  paper	  work,	  we	  calculate	  the	  appropriate	  volume	  of	  SBF	  needed	  to	  
mineralize	  in	  good	  conditions	  the	  PLGA	  samples	  (1cmx1cm).	  	  
	  
Figure	  11	  –	  PLGA	  sample	  dimensions	  
	  
As	   the	   surface	   area	   is	   higher	   with	   porous	   materials,	   we	   have	   to	   increase	   the	   SBF	  
volume.	  The	  forecasted	  porosity	  of	  the	  polymer	  (activated	  with	  0.01M	  NaOH	  solution)	  is	  
~49.6%.	  We	  will	  multiply	  the	  previous	  calculated	  volume	  by	  a	  factor	  of	  2.	  
A	  final	  SBF	  volume	  of	  40mL	  for	  each	  100mm²	  PLGA	  samples	  was	  selected.	  
	  
	  
	  
10	  mm	  
10	  mm	  
0.3	  mm	  
Sa =	  2x	  10x10	  mm²	  +	  4	  x	  10x0.3	  mm²	  =	  212	  mm²
Sa =	  2x	  10x10	  mm²	  +	  4	  x	  10x0.3	  mm²	  =	  212	  mm²
Vs =	  Sa/10	  =	  21.2	  mL
Sa:	  Surface	  area	  of	  the	  PLGA	  polymer,	  in	  
contact	  with	  the	  SBF	  solution.
Vs:	  Volume	  of	  SBF.
